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ABSTRACT 
The aim of this thesis was to investigate the features that underpin the Group Nucleus breeding 
scheme for pigs in which the population is subdivided into several herds. 
With Best Linear  Unbiased Prediction it is possible to directly assess response. The estimation 
is, however, dependent on the underlying variance components used. In general, estimating 
breeding values with an inflated heritability in the model results in a high predicted response, 
whilst having much less of an effect on the actual response. Additionally, the reduction in the 
weight of family information results in more unrelated animals being selected. A method to 
utilise this effect in order to reduce inbreeding is presented. 
As the population is subdivided across farms, analyses were undertaken to determine genetic and 
phenotypic parameters both within and across farms; little heterogeneity of variance occurred for 
litter size. The low heritability of the trait does however confirm the need for specialised 
selection methods in order to achieve satisfactory response. The production traits also showed 
low heritabilities, but with up to twofold differences between farms. Further analyses of the data 
indicated that this heterogeneity of variance was due in part both to environmental differences 
and a sire by farm environment interaction. 
The effect of altering the proportion of artificial insemination (Al) to link farms was investigated. 
In general, the rate of response is robust to changes in proportion of Al matings for all but the 
lowest proportion Al, mainly because both AT boars and natural service boars (only used in a 
single herd) are highly selected. Moreover, the increased number of boars associated with natural 
service, for example at 90% compared to 100% AT, can yield greater responses in the long term 
due to a lower rate of inbreeding and consequently a larger available additive genetic variance. 
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Preselection of animals for test provides a way of minimising costs that would otherwise he 
associated with large nucleus populations. Within the short term testing resources are effectively 
fixed. Several alternative allocations for testing 60 % of animals born were investigated, the most 
consistently effective was to rank litters on parental breeding value and test all of the top third, 
80% of the middle third and none from the bottom third. This yielded an extra 6% response 
compared to testing all animals from the top 60% and 7% less than with all animals tested. In 
contrast little benefit could be found by selecting animals for test on a correlated trait unless the 
coheritability was very high. 
In summary, the theoretical studies indicate that a Group Nucleus population is a robust system 
in which to implement genetic selection with alternative testing procedures, proportion AT or 
parameter use effective for all but the most extreme cases. In practice, however, additional 
factors can cause low heritability estimates and subsequently low rates of predicted responses, 
and these are discussed. 
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CHAPTER 1: The Design of Structured Pig Breeding Programmes 
1.1 Introduction 
In livestock production increased efficiency is an important factor which can be brought about by 
several methods, some permanent and others which need to be applied each and every generation. 
Important examples include good management, health care, balanced nutrition and, the subject of 
this thesis, sound breeding practice. With respect to the latter it is possible to make permanent 
improvement of stock through the testing and selection of the superior animals. Furthermore, if 
several strains are available additional non-permanent changes can also be made by the use of 
crossbreeding. Today's commercial pig breeder utilises both of these effects to improve 
production, using selection to take advantage of the variation within the population, and 
crossbreeding to make use of differences between populations. In order, however, for selection to 
be successful the ranking of the individuals must to be accurate and the associated breeding plan 
sound. 
One of the breeding plans commonly implemented in pig production is the closed nucleus 
(Bichard & David, 1984). It can be visualised as a pyramidal structure, selection being applied to 
a few animals at the apex and the improvement disseminating down through a series of 
multiplication steps (e.g. James, 1977). The structure allows maximum control over recording 
whilst minimising the number of animals on which records are taken. Furthermore, the structure 
can be opened to movement from either outside or up the pyramid to make use of additional 
variation gained from the immigrant stock (Jackson & Turner, 1972). Kinghom (1986) suggests 
that nucleus stocks should be continually open to individuals of a higher breeding value. 
Opening the nucleus provides a method of raising the genetic level of the herd rapidly, but 
problems may arise in assessment of the immigrants, the risk of disease transmission and 
difficulty in buying appropriate stock (De Roo, 1988). This chapter charts the development of 
breeding structures in the context of pig improvement and reviews methods to monitor and 
predict the progress to be made. The initial stage for any breeding programme is the definition 
of an appropriate breeding goal (Harris et aL, 1984), the development of which has proceeded 
through the framework of selection index theory from the classic work of Hazel (1943). 
1.2 Breeding goal 
The pig industry in the UK is dominated by several major breeding companies supplying to the 
commercial breeders the majority of the replacement boars and guts (Evans et aL, 1988). The 
commercial breeders are at the end of the live pig chain, supplying 14.5 million pigs per annum 
(Stean, 1986) to the processors, and hence it is in these slaughter generation pigs that the 
breeding goal is expressed. From the commercial breeder's point of view the pig should be lean 
to meet market and consumer demands, as well as efficient both in terms of feed and reproduction 
to minimise overhead costs to the producer. In order to implement selection for several traits the 
aim of selection, the breeding goal, needs to be defined by the economic importance of each of 
the contributory factors (Dickerson, 1970; Harris, 1970). Gjedrem (1972) proposed that all 
economically important traits should be considered, however Smith (1983) suggested that a trait 
could be excluded if it had a low economic valuç 	 itWr 	' 	J'V'tt 
- 	
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ru, 	 De  Vries (1989), for example, presents a model to estimate the economic 
values in the Dutch market, including fertility, longevity and production traits; a method 
appropriate to the US market is given by Stewart et aL (1990). The economic values are 
important for genetic evaluation both between and within breeds (Danell, 1980; 011ivier, 1986) 
and can be derived by a variety of methods (Scholte, 1977), such as relating change in profit to 
that in genetic level (Danell, 1980). 
Achieving  the breeding goal is in the hands of both the commercial producer and breeding 
companies, although the permanent genetic improvement only takes place in the breeding 
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company stock. The breeding companies select within their lines and plan breeding strategies to 
produce the pre-slaughter generation, with various crosses to meet various demands. It is up to 
the commercial herdsman to make the choice of crosses to produce the slaughter generation from 
the replacement boars and guts. Hence the maximum profit for the commercial breeders is not 
necessarily the same as that for the breeding organisations where the saleability of stock is most 
important (Knapp, 1986). In an efficient market, however, the interests of all parties should not 
be at variance (Moav, 1973) but all are met by reducing costs per unit of production (Dickerson, 
1970; Smith et aL 1986). An alternative method of selection would be to use information from 
both pure and crossbred in order to make selection decisions and then market a specific cross for 
a specific market (Wei & Van der Steen, 1991); at present in the UK this type of selection is not 
practised. 
In addition to the improvement of the stock other genetic factors need to be considered by the 
breeder, these including the accumulation of inbreeding and the conformation of the individuals 
(Webb et aL, 1991). In a closed and finite population such as a nucleus breeding scheme an 
attempt to pursue maximum response to selection without restricting inbreeding would result in 
the population becoming highly inbred. This is especially acute if selection is made including 
family information as coselection of relatives occurs (Robertson, 1961). Inbreeding is an 
important factor as it can lead to reduced fitness and the reduction of additive variance and hence 
response. Several methods are available to the breeder to reduce the accumulation of inbreeding 
without hindering responses (Toro & Perez-Enciso, 1990; Toro & Silo, 1992). The methods are 
underpinned by the fact that there are two stages to selection which can be manipulated, firstly 
the ranking and choice of candidates followed by the selection of mating pairs; examples include: 
reducing the intensity of selection (Webb & Bampton, 1988; De Vries, 1989), lowering the 
weight given to the family in a sub-optimal index, restricting the variation in family size, 
minimising the inbreeding by use of unrelated matings and a combined solution. Additionally, 
Uimari and Kennedy (1990) and Maki-Tanila and Smith (1990) present models for parameter 
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estimation accounting for dominance and inbreeding directly. After the breeding goal has been 
defined a suitable structure of improvement needs to be implemented to effect the necessary 
results. 
1.3 Structure 
Smith (1964) showed that improvement for reproduction and production traits could best be 
achieved by the use of specialized sire and dam lines, a situation appropriate to pig breeding. To 
implement this separate selection programmes, one to form a male line, and the other to form a 
female line, are needed. In these lines different breeding objectives are set: the male line 
selected only for production traits while reproduction is an additional factor in the female line; it 
is not sufficient to select wholly on reproductive performance in the female lines (Smith, 1964). 
As reproductive traits have low heritabilities, are sex limited and are measurable only after 
reproductive age, it is difficult to select accurately and improve these traits while maintaining 
response in other selected traits. The correlations, however, between production and reproduction 
traits are usually assumed to be zero (Brien, 1986). The common measure of reproductive 
performance used in pig breeding is litter size of piglets born alive (see Haley et aL, 1988 for 
review), which has been shown by Avalos and Smith (1987) to be an economically beneficial 
breeding objective for pig production. 
A suitable choice of breed specialized for either production or production and reproduction traits 
is possible due to the number (208) and diversity of breeds of pig in the world (Sutherland et aL, 
1985); with favourable combinations structured within the framework of the sire and dam lines 
(Smith, 1964: Moav & Hill, 1966). Although not all breeds are of economic importance, 
examples that are include: the Chinese breeds such as the Meishan, Jiaxing and Jinhua (Legault 
& Bidanel, 1992) with large reproductive capacity, the Duroc with high levels of intramuscular 
fat and the associated eating quality (Wood et aL, 1987), the Pietrain with high meat and ham 
4 
percentage (Kahn, 1986), the Large White and Landrace. Furthermore, development of a 
crossbred structure is a useful way of harnessing non-additive (heterosis) and additive variation 
(complementarity) between populations that would otherwise go unused. 
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Heterosis occurs when offspring out-perform.. the mid-parent and is observed in many 
commercially important traits particularly those of low heritability, such as the reproduction traits 
(Orozco, 1986); it can be explained by models of dominance and epistasis (Kinghom, 1980; 
Sheridan, 1981; Hill, 1982). There is evidence that more heterosis is found when the strains are 
dissimilar (Glodek, 1974). Heterosis can be utilised in the production of offspring and dam 
(Sellier, 1976; Johnson, 1981), and also in the sire (Buchanan & Johnson, 1984) for some 
component and composite traits. Hybrid males, however, confer no advantage in litter weight or 
size (Buchanan & Johnson, 1984) when sows are mated to crossbred rather than purebred boars; 
Buchanan (1987) also demonstrated little or no advantage for the crossbred boar in several 
reproductive traits. Crossbreeding can also utilise additive genetic differences between breeds, 
referred to as complementarity. In the UK the two major breeds used are Large White and 
Landrace, two relatively dissimilar stocks that when crossed show hybrid vigour and 
complementarity for litter size and lean growth. 
Male Lines are selected for increased production by performance testing, with typical objectives 
including daily gain,  increased leanness and/or food conversion efficiency. This is possible 
through technological advances that allow precise in vivo measurement; for example of body 
composition using ultrasonic fat (Kanis et aL, 1986) and muscle measurements (Yates & Owen, 
1993) and of group or individual feed intake using computer recorded feed stations (Slader & 
Gregory, 1988; Dc Haer et aL, 1992). A combination of various ultrasonic fat measurements, 
typically shoulder, loin and backfat, can be used to estimate leanness, with the use of several 
measurements also reducing prediction error. In particular, backfat has a large positive 
correlation to overall fat percentage, as well as being a specific target for reduction. Selection for 
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lean has been shown to produce an annual seven percent decrease in carcass fat in the UK (Cook 
et aL, 1989). In order to measure feed efficiency, the gain in weight and the feed intake for each 
animal need to be calculated. As measurement of feed efficiency is obviously expensive, the 
cheaper alternative is to measure daily gain. Which of these methods the breeder will use will 
depend on justifying the cost, for example higher selection intensities on boars than guts might 
justify the extra cost for the boars but not the sows. 
Female Lines are selected for production traits and reproduction traits. In order to achieve 
satisfactory levels of response in such a low heritability trait, variations in the basic breeding 
pyramid need to be made; examples tried in pig breeding include hyperprolific selection anc 
use of family information. 
Hyperprolific selection, first proposed by Legault and Gruand (1976), involves the identification 
of the most prolific individuals in the nucleus and multiplier herds. From these individuals, sons 
are backcrossed to high litter sows to raise the boars' genetic potential (for litter size) to the level 
of the hyperprolific sows. This has been undertaken by the Pig Improvement Company using 
information from several litters with a resultant significant increase in litter size, 0.55 live born 
piglets at first parity increasing up to 0.94 in the subsequent three parities (Bichard & David, 
1985). A possible drawback with this system is that while the backcrossing is taking place other 
selection is reduced, so the system presents a compromise between the gains in litter size and the 
loss of response in production traits. It is not a continuous system of improvement, in that 
further improvement can only take place after all the beneficial genes have spread throughout the 
breeding population, which may take three to five years. 
Selection for the litter traits using family information has been implemented by Cotswold Pig 
Development Company Limited (CPDC) in the UK (Webb, 1988). The use of family information 
allows greater accuracy of selection and in the Cotswold scheme the prediction of candidates' 
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merit depends on information from previous generations. When selection takes place on family 
information, related individuals tend to be picked resulting in an increased rate of inbreeding, so 
there is a trend of increased rate of inbreeding as the number of families decreases. In order to 
keep the rate of inbreeding low a theoretical level of permitted inbreeding is set and a breeding 
strategy applied to stay within this limit. This level is arbitrary, however, and may therefore be 
sub-optimal. The strategy applied by CPDC is to increase the number of families while limiting 
the contribution from each family. Using simulation studies De Vries (1989) showed that 
increasing the number of boars was a more efficient option for limiting the rate of inbreeding 
than limiting family contribution. 
The methods of combining lines to produce the slaughter generation are increasingly complex. 
Originally one of the ways to meet the various market demands was for different male lines to he 
crossed onto a single female hybrid, introducing the variety through the male lines while having 
increased reproductive performance associated with the female. An aspect of increased 
complexity of design has been brought about by the introduction of crossbred boars, primarily to 
utilise complementarity, an example of which is the use of the Duroc cross for an outdoor market. 
In order for the selection to be effective the improvement needs to be disseminated throughout the 
population with any improvement in the nucleus moving down the pyramid, the improvement in 
the lower levels lagging behind the selected individuals in the nucleus (Bichard, 1971). The size 
of this lag is dependent on the number and type of links between levels. The development of a 
simplified equation to represent the lag was proposed by Guy and Smith (1981). As a 
consequence of its size, Group Nucleus herds reduce the genetic lag by, in effect, removing a 
generation (the pure-bred multiplier) between nucleus and slaughter generations. 
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1.4 Selection 
Genetic progress is dependent on the selection, increasingly on the basis of estimated breeding 
value (EBV), of the most suitable individuals at a series of stages in an animal's lifetime. In order 
to achieve effective selection in the population, the animals need to be ranked accurately either 
on phenotypic information or EBV. EBVs obtained through animal model best linear unbiased 
prediction (BLUP) (Henderson, 1949, 1973) account for the simultaneous partitioning of fixed 
and random effects whilst including information from all possible relationships, thereby 
increasing the accuracy of selection. An early restriction with large data was the computationally 
demanding inversion of the relationship matrix needed to solve the mixed model equations. The 
creation of formulae to calculate the inverse of the relationship matrix directly (Henderson 1976, 
Quaas 1976) removed what was a major constraint on the application of BLUP. Many algorithms 
have now been presented for solving the mixed model equations using a variety of approaches to 
reduce what is still a considerable computational task if the data sets are large. 
In the context of pig breeding the animal model presents the most suitable framework for 
breeding value estimation. Further, the use of a reduced animal model allows the equations of 
those animals without offspring to be absorbed (Quaas & Pollak, 1980) which, for a species such 
as the pig with high numbers of offspring not contributing to the next generation, gives a major 
saving in computing resources. Equations for the animals which were absorbed can be utilised in 
later calculations if and when they have offspring. 
Use of BLUP methodology allows greater scope than index selection in that comparisons can be 
made between individuals in different herds and generations. To allow comparisons across herds 
sufficient ties must exist to link the population genetically, and this can be done by the use of 
artificial insemination. With the ability to compare estimated breeding values (EBVs) comes the 
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option to replace individuals optimally, doing so only when another individual with a higher 
EBV becomes available. 
Selection decisions in pig breeding are commonly based on information gained from performance 
testing as opposed to progeny testing. Individual performance testing, however, can be a costly 
component of a pig breeding scheme and prior selection could therefore reduce the associated 
cost. The prior selection of boars to go on test was investigated by De Vries (1989), who found 
the value of preselection of boars is dependent on the marginal costs of a test place compared to a 
place in the fattening herd. 
After testing, animals often need to be further assessed as part of a procedure to limit inbreeding 
and/or on their physical conformation (Webb et aL, 1991) before they become available as herd 
replacements. The scope for breeding herd replacements can be increased by sequential culling 
(Bichard et aL, 1973). Benefits have been shown for both sexes (Hagenbuch & Hill, 1978), 
although small increments in response gained by its use may be outweighed in practice by 
difficulties in implementation. A range of predictions are made for sequentially culling boars 
with increases from 41% (Belonsky & Kennedy, 1988) to 6% (Wray, 1989); with a contributory 
factor in the advantage of sequential culling being the period at stud. Moreover, De Vries 
(1989) suggests sequential culling is not an applicable technique for boars as they are used for 
only a short time and sequential culling would also result in unequal family sizes, and hence 
increased inbreeding. The opportunity for sequential culling in sows seems more favourable; 
comparison of sows with gilts yields 2-3% extra response compared to schemes without 
sequential culling (De Vries, 1989). In practice, however, the implementation of female 
sequential culling may be complicated by the difficulty in predicting weaning to oestrus interval, 
so making optimal replacement hard to achieve. 
1.5 Assessment 
In optimising a selection programme, decisions need to be made on the choice of the most 
suitable breeding scheme. Comparisons of alternative schemes can be made on the ability to 
meet the breeding goal, key components of which are the rates of response to selection and the 
accumulation of inbreeding. Several different methods are available to assess possible progress: 
animal modelling (Roberts, 1982), real time evaluation (e.g. Cameron et aL, 1990), stochastic 
simulation, and deterministic formulae. 
Stochastic simulation has been used to model several different pig breeding situations. 
Belonsky and Kennedy (1988), Sorenson (1988) and Wray (1989) compared rates of response 
and inbreeding with selection on either phenotype or animal model BLUP for a range of schemes 
and heritabilities. A very general conclusion was that BLUP selection yielded higher responses 
and inbreeding, with increasing inbreeding being observed with decreasing heritability due to the 
higher weighting to family information. De Roo (1988) and De Vries (1989) presented a series 
of papers on optimising production (Sire lines) and production and reproduction traits (Dam 
lines) respectively. The options covered by De Vries included sow to boar ratio, evaluation of 
testing and selection in dam lines and the use of multistage selection in order to optimise 
response. 
Deterministic formulae. The theory to estimate rates of inbreeding and response has recently 
been reviewed by Wray and Thompson (1990a) who found that recent formulae designed to give 
more accurate predictions agreed well with simulated results. The development of theories for 
predicting rates of both inbreeding and response have been devised assuming at least some of the 
following restrictions: the infinitesimal model, truncation selection, and discrete generations. 
The importance of correct calculation of rates of inbreeding and response is critical if schemes 
are to be compared. 
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Predicting the rate of response to selection. The classical equation for predicting the rate of 
response to truncation selection per generation is dependent on the intensity and accuracy of the 
selection as well as the additive variance of the trait, i.e. R = iroA, where i is the intensity of 
selection, r the accuracy and aA  is the additive genetic standard deviation. This prediction 
formula describes response to selection over one round of selection adequately, but changes 
induced by the selection result in biased predictions if the formula is not corrected. In fact the 
prediction gives an overestimate in subsequent rounds which is attributable to a reduction in 
additive genetic variance due both to the Bulmer effect? (Buhner, 1971), which asymptotes after 
approximately three rounds of selection, and to inbreeding which accumulates in a finite 
population. Therefore failure to correct the formula over two or more generations will result in 
incorrect prediction and consequently comparison of various schemes may be biased. It is 
important to note that the main failure of the uncorrected formula is in predicting response rather 
than comparing schemes (Wray, 1989). Improvements to the standard prediction formulae have 
been made in two areas: correct estimation of the additive genetic variance and a correction to 
the estimation of the intensity of selection to tackle the additional problem of coselection of 
relatives. Hill (1976) and Rawlings (1976) noted that when candidates are related and their 
selection criteria are therefore correlated the selection intensity is reduced. They presented 
simple approximations to account for this. Meuwissen (1991) has further improved methods to 
calculate reduced selection intensities for half and full-sib population structures. This correction 
is especially applicable when estimated breeding values are calculated using family information. 
With the general acceptance of EBV selection, predictions need to be made for BLUP selection 
procedures. Two recent examples have provided the framework for this: Dekkers (1992) and 
Wray and Hill (1990) have both developed methods to predict rates for EBV selection. 
Predicting the rate of inbreeding. The classic method for calculating the rate of inbreeding 
was proposed by Wright (1931). i.e. AF = 1/8M + 1/8F: where AF is the rate of inbreeding, and 
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M and F are the numbers of male and female parents respectively. This formula accounts for 
inbreeding in a randomly mated population, specifically assuming random family sizes, and thus 
makes no distinction between the choice of related or unrelated individuals that produce the next 
generation in a selected population. Hence if it is used to calculate rates of inbreeding in a 
selected population, the rate tends to be underestimated as coselection of relatives is favoured. 
To account for inbreeding in a selected population Robertson (196 1) devised a formulae showing 
how effective population size (Ne) related to actual size (N) as: 
N/Ne = 1 +Q2i2p 
where, N is the number of full sib families; a total of 2N parents, i is the intensity of selection, p 
is the intraclass correlation, and Q is the measure of the relative selective advantage. The 
selective advantage term accounts for the fact that in a selected population related individuals 
tend to be selected as do their offspring. Problems do, however, exist with this method of 
calculating inbreeding as it is limited to either half or full-sibs, and simulation with moderate 
heritabilities and high selection intensities has shown the formula tends to severely overestimate 
the rate of inbreeding (Wray & Thompson, 1990b). An extension to Robertson's method has 
recently been proposed by Wray & Thompson (1990b), which calculates Q correctly and allows 
for a hierarchical mating design (M<F). In this the additive genetic relationship matrix is 
decomposed into 'contribution matrices. The elements of these matrices stabilise with time, and 
are related to the asymptotic rate of inbreeding: 
AF = (Pr + ar2)/4N 
where, jAr is the mean, Or2  is the variance of the long term contribution and N is the number of 
parents in each generation. This method, together with the other formulae for calculating rates of 
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inbreedin,  were compared to simulated results. Wray and Thompson's method gave the closest 
prediction to the simulated results. Woolliams et aL (1993) have further improved the 
aforementioned method by reducing the calculations to a closed form rather than the recursive 
method previously used. But even this method has limits to its application since it assumes the 
infinitesimal model, mass selection, discrete generations and equal family size. 
1.6 Objectives 
The structure of pig improvement programmes is well advanced, utilising variation between and 
within populations, but there still exist many avenues open to research and development as 
achieving the best possible responses requires: correct prediction of individuals' breeding value, 
optimal selection decisions, and sound combination of available strains. With the increasing 
economic importance of reproductive performance, commercial pig breeding companies are 
adopting more sophisticated breeding stratees in their dam lines, to deal with the task of 
selecting for a trait of low heritability such as litter size. The Cotswold Pig Development 
Company Limited (CPDC) has implemented a large nucleus population, the Group Nucleus, to 
enable selection of animals on an index including litter size. The large numbers of individuals in 
the population allow accurate use of family information, as family sizes are larger, with 
inbreeding being limited by the large population size with an additional constraint of reducing 
family contribution to the next generation. The aim of this thesis was to estimate the key features 
underpinning this scheme: the use of estimated breeding values, artificial insemination and 
preselection of animals for test. 
In Chapter 2 a study of the CPDC nucleus is reported. his a dam line nucleus population with 
over 1200 sows which, for management and health reasons, are spread over several farms. Data 
were available on the litter size of sows and production traits of offspring and, as they had been 
collected over several farms, were analysed both on a within and across farm basis using 
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restricted maximum  likelihood methodology (REM-). Differential heritability estimates between 
farms could be associated with heterogeneous variances and/or sire by herd interactions, hence 
possible differences between farms in variances were also investigated. 
Predictions of rates of response and inbreeding  with varying population structure can he tackled 
both by simulation and by deterministic methods. A Monte Carlo simulation has been developed 
to make predictions for a population modelled on the CPDC nucleus and deterministic formulae 
for prediction of rates of inbreeding and response appropriate to a Group Nucleus developed. In 
Chapter 3 a simulation study into the effects of varying gene flow through Al is presented. As 
the CPDC population is spread over several farms the effect of changing gene flow between farms 
on rates of response is an important factor and was therefore investigated. In the Group Nucleus, 
sows and natural service (NS) boars are replaced within farms while the artificial insemination 
(Al) boars are used across farms. Hence the effect of varying gene flow between farms has been 
modelled by altering the proportion of matings to Al and NS boars. 
An important aspect of the success of any breeding scheme is the rate of response to selection. If 
the animals are evaluated with a BLUP selection procedure then it is possible to compare directly 
breeding values over time. In the past it has been reported that estimates of EBVs are dependent 
on the underlying variance components. This was in Chapter 4 tested and the robustness of 
responses over time evaluated. 
In Chapter 5 the topic of preselection of animals to go on test is addressed. Two stage selection 
can reduce the costs associated with testing animals in a breeding scheme without hindering 
responses provided an accurate method of preselection is available. Finally, in Chapter 6 
attention is drawn to the general conclusions of this thesis and possible areas for further 
development are suggested. It is hoped that in addressing some of these questions a clearer 
understanding of optimising a breeding scheme will he gained. 
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CHAPTER 2: Parameter Estimation for a Dam Line Group Nucleus 
2.1 Introduction 
The current production objective for the commercial pig breeder is a more efficient leaner pig. In 
order to achieve this improvement specialised lines are used (Smith, 1964) so that selection takes 
place within a line and lines are crossed to exploit the effects of heterosis and complementarity. 
The breeding goals are distinct for sire and dam lines: for sire lines the breeding goal is often 
lean gain whilst for dam lines the breeding goal includes increased reproductive rate and lean 
gain. 
In order to achieve satisfactory response for a breeding goal including a low heritability trait, 
such as litter size, a specialised breeding scheme can be used. Classically, selection within a pig 
breeding scheme is practised in a closed elite group of individuals (nucleus). Offspring not used 
to replenish the nucleus are used to disseminate the improvement through a multiplication level 
to the commercial herds. An example of a specialised scheme is the Group Nucleus (Webb, 
1988). In a Group Nucleus scheme, the nucleus has increased numbers of sows so that it can 
produce enough animals to supply the commercial market for purebred grandparents, removing 
the need for a traditional purebred multiplier level. The large number of dams, approximately 
1200, in the nucleus allows selection to take place using information on relatives, whilst 
restrictions can be placed on family contribution to the next generation to minimise inbreeding. 
For management reasons the Group Nucleus is split over several farms. The best boars in the 
nucleus are selected for use as Artificial Insemination (Al) sires. These boars are then used both 
to improve the stock and also to create genetic links between farms to form a single breeding 
population. 
An important aspect of selection is the prediction of the genetic parameters of the trait of interest. 
As the genetic parameters of a population are expressed in terms of variance components, an 
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assumption is made that variances within cells are homogeneous. A problem associated with a 
population distributed across several farms is that differences may occur in phenotypic variances 
across farms, which will affect both the parameter estimation and the breeding value prediction. 
These differences could be either genetic, environmental or an interaction between the two. An 
investigation was undertaken into possible problems associated with parameter estimation across 
farms for both reproduction and production traits. 
A population with a large number of dams need not necessarily have an associated number of test 
places for all the offspring, provided a reliable method of preselection is used. At the time the 
data were collected the preselection of animals to go on test was on pedigree information, with 
approximately 8,000 offspring preselected from 24,000 per annum. The use of pedigree 
information alone, however, does not allow a distinction between litter mates to be made. A 
measure on the individual before the test period would allow litter mates to be differentiated and 
selected. In this report pretest gain (daily gain to 45 kg) was analysed. 
2.2 Data 
The data were collected over a five year period from an ad libitum group fed dam line nucleus, in 
which selection took place on an index of production (lean growth) traits for offspring on test 
and a reproduction (litter size measured on the dam) trait. The Group Nucleus consisted of nine 
geographically distinct units linked together by Al. The sows were replaced within herds as, for 
management reasons, were a certain percentage of the boars. Over the period of record collection 
the percentage of Al varied over time and farms. The percentage of Al was estimated by 
calculating the ratio of the number of boars mated to sows in more than one herd (deemed to be 
Al) to the total number of boars. 
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The two data sets of performance traits became available for analysis at different times and so 
were analysed separately. The collection of performance records covered two end of test periods: 
May 1988 to February 1990 (data set 1) and May 1990 to April 1991 (data set 2)(table 2.1). 
Further to this, a brief analysis of a complete data set (not reported here, see Chapter 4) yielded 
no extra insight. The reproduction data were collected from 1986 to 1990. During this time the 
nucleus consisted of eleven farms some of which had been phased into or out of use. 
The production data. The test period was from 45 to 95 kg live weight but with some variation 
around these weights, as animals were group penned and removed from the pens in batches. 
Animals with records with extreme values of starting (<30 kg, >60 kg) and/or finishing (<80 kg, 
>110 kg) weights were removed from the data, as these records were thought not to adequately 
cover the test period and hence the traits of interest. At the end of test, four ultrasonic fat 
measurements were taken: 4.5 and 8 cm off the mid line of the back at the last rib (fat C and fat 
K), at the shoulder (fat S) and loin (fat L). A measure of daily gain (DG) was also calculated as 
weight gained on test divided by the number of days on test. 
An important factor affecting fat depths is the weight of the animal, so it was decided that all fat 
measurements should be corrected to a standard 95 kg live weight. On a subset of the population 
individual fat measurements were recorded over successive weeks on the same animals around the 
end of test growth period. A correction factor (0.1 mm per kg) suitable for all fat measurements 
was calculated as the average individual regression of all fat measurements on weight (A J. Webb, 
personal communication). Daily gain was not, however, standardised for an end of test weight. 
As the end of test weight constitutes part of the calculation of daily gain, daily gain = (wt off test 
kg - wt on test kg)/ days on test, correcting for weight off test may remove not only the 
environmental variance intended but also some of the variance due to the additive genetic 
component. 
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In addition to traits obtained over the test period a measurement of pretest gain was analysed. 
This was calculated as weight at start of test divided by age (in days) at start of test. The lack of 
birth weight measurements should not present a problem in assessing the pretest gain as the 
variance for birth weight is very small compared to that of start of test weight. Although scantily 
reported in the literature, DAgaro (1990) presents birth weights with a mean of 1.35 kg and from 
the standard error of the mean (0.033) and the number of observations (59) the variance was 
calculated as 0.064 kg2. The variance in weight at 45 kg was 34.14 kg2 for data set 2 and 
therefore variance in birth weight contributes comparatively little to the overall variance. 
Analysis of pretest gain with the on-test traits can provide information on which the suitability of 
pretest gain as part of a two stage selection process can be judged. 
The reproduction data. The trait analysed was the litter size of the sow, measured as the 
number of live born, with records on consecutive parities accounted for in the model. A total of 
11896 records were collected, of which 1559 (13%) were incomplete and removed, leaving 10337 
records in the analysis. These records were taken on 3020 sows. 
2.3 Statistical Methodology 
The aim of this report was to determine the genetic and phenotypic parameters of the population. 
As the data were obtained for a population with a relatively small number of herds which were 
phenotypically dissimilar, it seemed both practicable and informative to analyse both the 
population as a whole and each herd separately. Therefore the following univariate parameter 
estimation analyses were undertaken: analysis across the herds for data sets 1 and 2 to examine 
changes across time, analysis within each herd, and analysis across herds fitting a sire by herd 
interaction to examine possible genotype by environment interactions. 
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Restricted maximum likelihood (REML) (Patterson & Thompson, 1971; Meyer, 1988) was used 
to estimate the genetic and phenotypic parameters in all analyses; the production and 
reproduction traits were analysed separately as the correlation between them was assumed to be 
zero (Brien, 1986). The model used for analysis was an individual animal model with a common 
litter effect or repeat record fitted as a second random effect for the production traits or 
reproduction trait respectively. Additionally, a third random effect was fitted for the sire by herd 
analysis. All analyses also incorporated the additive genetic relationship matrix. 
The production data. For the production traits the full mixed linear model used was: 
yXb+Za+Wc+Yd+e 	 (1) 
where, y = vector of trait measurements, X = incidence matrix of fixed effects (The fixed effects 
for within herd analyses include sex, parity, litter size; the fixed effects for the across herd 
analysis additionally include farm by year by month.), Z, W, Y (only included in the sire by herd 
model) are the incidence matrices of the random effects, b = vector of fixed effects, a = vector of 
random animal effects, c = vector of common litter effects, f = vector of sire by herd effects (only 
included in sire by herd model) and e = vector of random errors. 
A least squares analysis of variance LSML76 (Harvey, 1976) was undertaken to determine the 
most suitable choice of fixed effects for the parameter estimation analysis. The model of analysis 
was: 
y'Xb+e 	 (2) 
where y = the vector of observations, X and b are the incidence matrix and effect vector 
respectively for the effects of: herd by year by month (fitted as a random effect because of the 
limitations of the Harvey package), parity (classes 1-6, panty 6 and above being grouped 
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together), litter size of birth (classes 1-10; litter size 1-5 being grouped as class 1, litter size 6-
13 assigned classes 2-9, litter sizes of 14 and above being grouped as class 10), and sex (1, 2), 
e = vector of random errors. 
Different sets of effects were compared by removing one fixed effect at a time from model 2 and 
performing a least squares analysis; the combination that gave the lowest residual variance was 
deemed to be the most suitable. Of the possible combinations of fixed effects the model 
including, sex, parity, litter size of birth and herd by year by month (for across herds analysis 
only) accounted for the greatest reduction in residual phenotypic variance and this model was 
therefore chosen for the subsequent parameter estimation analysis with model 1. 
As the data had been collected over several farms, parameters were estimated for each farm. In 
table 2.2 the mean, residual variances and coefficients of variation for each farm are presented. 
The (residual) variances were obtained from a least squares analysis of variance with fixed effects 
for sex, parity and litter size fitted. Comparison of variances across farms revealed a substantial 
heterogeneity. It was therefore decided to scale the phenotypic measurements for each farm by 
dividing the measurements from each farm by the residual standard deviation from that farm 
(table 2.2) (Hill, 1984). 
As there were differences in the residual phenotypic variances across farms an investigation was 
undertaken to assess whether the heterogeneity was in part due to differences in genetic variation 
across farms. To assess if significant differences across farms occurred in genetic variation, an 
estimation of heritabilities on a within farm basis was undertaken, with the results presented in 
tables 2.3. Subsequently these results were compared to the pooled estimate over farms (farm 
variances were not scaled). 
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Possible differences in variances across farms could have been due to a sire by herd interaction, 
the result of which would be that sires ranked differently across herds. Comparison of models 
where a sire by herd interaction term was either fitted or omitted would give an insight into the 
significance of such an interaction. In order to assess differences between models a series of x2 
(chi-square) analyses were undertaken. Two null hypothesis were tested: firstly that no 
significant differences occurred between the pooled (population) estimate and those obtained for 
each herd, and secondly that no differences occurred between the pooled estimates with and 
without a sire by herd term. The comparisons were made on twice the difference in the log 
likelihoods, which are distributed under a null hypothesis as approximately x2 with 2(n-1) 
degrees of freedom for a joint comparison of heritability and common environmental effects for 
the comparison of pooled and herd estimates (n6), and with 1 degree of freedom for the sire by 
herd comparison. 
A multivariate analysis (Thompson & Hill, 1990) was also undertaken on all six traits for both 
old and new data sets. The model fitted was identical to that of the univariate analysis excluding 
a sire by herd interaction. A multivariate analysis including a sire by herd interaction term was 
not undertaken due to the size of the computation. 
The method of Thompson & Hill (1990) converts a computationally demanding multivariate 
analysis into a series of univariate analyses. To achieve this the following steps were taken: 1. 
The values were scaled by the appropriate phenotypic standard deviation. 2. Univariate analyses 
were undertaken on the individual traits and the pairwise sums of traits. 3. Canonical variates 
were computed. The procedure can only be achieved on two variance components; as the model 
has three (2A. 	and a2)  the transformation was performed on cY
2 
A  and G2E + O. 4. 
Univariate analyses on these transformed traits were undertaken. 5. The traits were back 
transformed and parameters reestimated. Steps 3, 4, and 5 were repeated with the aim of 
obtaining convergence of the estimates. Problems were, however, encountered in achieving 
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convergence with the new data set (results presented in table 2.4), so that an average value over 
the last 10 covanance iterations (steps 3, 4, and 5) was presented. 
The reproduction data. The analysis used to estimate the genetic and phenotypic parameters 
was restricted maximum likelihood (REML) (Patterson & Thompson, 1971) with an individual 
animal model, which was performed using a derivative free REML package (Meyer, 1988). The 
analysis was univanate with the following model: 
y = Xb + Za + Vc + e 
where y = vector of trait measurements, X = incidence matrix of fixed effects, Z, V are the 
incidence matrices of the random effects, b = vector of fixed effects, a = vector of random animal 
effects, c = vector of common environment of the dam and e = vector of random errors. The 
common environmental effect due to the dam was included in the analysis in order that the repeat 
parities on the dam could be accounted for, allowing the heritability and the repeatability of the 
trait to be estimated. 
A preliminary analysis of the data was undertaken using least squares analysis of variance 
LSML76 (Harvey, 1976) to determine which fixed effects should be fitted. The model of 
analysis was: 
y= Xb+e 
where y = the vector of observations, X and b are the incidence matrix and effect vector 
respectively for the effect of: service (Al or natural), parity (6 classes; 1-5 plus parity 6 and 
above), size of litter in which the sow was born (7 classes; litter size 1-8 = code 1, litters of 9-13 
coded 2-6, and all litters of 14 and above coded 7), and farm by year by month (418 classes, the 
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joint effect of farm, year and month and all the possible interactions), e = vector of random 
errors. 
2.4 Results 
The production data. Results are compared and contrasted with literature estimates, across 
time using data sets 1 and 2, and between herds within the population. Additionally, several 
different methods to analyse genetic variation between herds are presented. 
The heritability estimates obtained through univariate analyses (table 2.5) are lower than those 
reported in the literature (e.g. Cameron et aL, 1990; MacLaren et aL, 1990; van Steenbergen et 
aL, 1990). Results from the multivariate analysis are presented in table 2.6; the heritability 
estimates obtained from the multivariate analyses differ little from those obtained from the 
univariate analysis, as do the correlations which also show little substantial differences across 
analyses. 
Heritability estimates from different time periods (data sets 1 and 2) for the same population also 
differ for most traits. Common environment estimates in contrast are fairly constant; for example 
heritability for Fat C has more than doubled in the later data set from 0.07 to 0.20 whereas the c-
squared term was estimated as 0.08 in both data sets. 
Even within the nucleus there are considerable differences in phenotypic (farm) variation (table 
2.2). The estimates by univariate analysis of variance components for individual farms are 
presented in tables 2.3 for both data sets. The possibility of a genetic component causing some 
of the phenotypic heterogeneity was tested. The result of the chi-square analysis (table 2.7) to 
test if there was a difference in pooled (across the population) and individual farm estimates of 
heritability and common environment was significant for all traits except shoulder fat. 
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Differences between pooled and individual farm estimates of heritability plus common 
environment are therefore significant. An additional chi-square analysis investigating the effect 
of fitting a sire by herd term on the parameter estimates is presented in table 2.8. The greatest 
difference in fitting a sire by herd term was for the pretest gain; other smaller but still significant 
differences occur for all other traits except shoulder fat and daily gain. 
The reproduction data. The results from the analysis are summarised in table 2.9. The mean 
value of number born alive was 10.30. The heritability estimate, 0.05+1-0.01, was lower than 
other published results (0.1 was presented in a review by Haley et al., 1988). In contrast, the 
repeatability and coefficient of variation were similar to those reported elsewhere in the literature 
(0.14 and 28% respectively, Haley et al., 1988). Although an analysis of the performance 
records showed considerable heterogeneity among herds in within herd phenotypic variance this 
was not the case for litter size (table 2.10). In order to assess if there were different heritability 
plus common environment estimates across farms a chi-square analysis was undertaken. The null 
hypothesis was that there were no significant differences between farm estimates and a pooled 
estimate taken across all farms. The chi-square was 18.75 with 12 df (reproduction records were 
collected on an additional two farms)(table 2.11) which was not significant at the 5% level. An 
additional chi-square analysis was undertaken into possible differences in sires across herds 
where models including and excluding a sire by herd term across the population were contrasted. 
The chi-square was 0.0028 which with one degree of freedom was not significant at the 5% level. 
The result was in contrast to some of the production traits where a significant sire by herd 
interaction was found. 
2.5 Discussion 
The production data. There were significant differences in the means and variances of all traits 
when individual farms were compared. These differences were not simply a scaling effect as the 
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coefficients of variation also varied substantially. Equality of variances within cells is an 
assumption of least squares analysis of variance which underpins restricted maximum likelihood 
parameter estimation. Failure, therefore, to equalise variances across farms may both affect the 
efficiency of the parameter estimation and possibly upwardly bias the weighting given to 
individuals for the more variable farms. The correction technique used was to calculate a residual 
phenotypic standard deviation after fitting the appropriate fixed effects on a within farm basis. 
The phenotypic measurements were then divided by these standard deviations (Hill, 1984). Using 
a correction factor may allow sound parameter estimation but does not tackle the problem at its 
source. 
The source of the between farm differences in phenotypic variation may be either genetic, 
environmental or an interaction between the two. Potential sources of environmental differences 
among herds were: the application of the ad libitum feeding regimes, different rearing to test 
environments and differential health status. Genetic differences may occur if the level of Al at 
the farm is very low so that the farm becomes to some extent genetically isolated. If a sire's 
offspring were performing differentially across farms this would be an example of a genotype 
environment interaction, termed a sire by farm effect. 
Although both data sets were collected from the same population, albeit at different times, the 
heritability estimates of the on-test traits differ. In contrast the common environmental variance 
is consistent for all traits. The measurement of pretest gain has similar heritability and common 
environment estimates in both cases. All the estimates tend to be lower that those reported 
elsewhere in the literature using the animal model (Gu et al. 1989; Cameron et al., 1990; 
MacLaren et al., 1990; van Steenbergen et al., 1990). Comparison with the results for the A line 
given by Gu et al. (1989) is especially informative as the population under study was similar. At 
the time Gu et aL (1989) studied the population the animals were housed on a single farm and 
under a restricted feeding regime. The restriction on feeding is reflected in the negative genetic 
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correlation between the fat measurements and daily gain for the guts and which is in contrast to 
the positive genetic correlation observed in this study with ad libitum feeding. Moreover, the 
heritabilities observed by Gu et al. (1989) are higher than those reported here and this may in part 
be due to the population being housed in a single less variable environment. 
In general, differences in heritability could be due to increased error variance or a reduced genetic 
variance. By removing the scaling and reanalysing the data, differences between the two data sets 
were attributable to both an increase in additive and a reduction in error variance. The reduction 
of error variance and the increase in additive variance in the later data set coincide with the 
improved data structure as indicated by increased Al used across all herds. The reasons that the 
heritability estimates are lower than those reported elsewhere may be that the data structure needs 
further improvement to reduce confounding between sires and the major fixed effect of herd by 
year by month. 
The lower heritability in daily gain as opposed to pretest gain may stem from the strong selection 
on the population for daily gain. Nevertheless, although the data were collected from a selected 
group of individuals (selected on pedigree information), the loss of variance due to the first stage 
selection is small as the accuracy of selection on such low heritability traits as these is small. 
Selection is, therefore, unlikely to be the sole explanation for the low heritability. 
The correlations can be discussed in terms of three biological groupings: these are between the 
fat measurements, between the growth measurements, and the correlations between growth and 
fat measurements. 
The correlations among fat measurements are consistent in the two data sets and are similar to 
those reported in an earlier study on the population (Gu et aL, 1989). The genetic and 
phenotypic correlations are high for all the fat measurements: for example the genetic 
correlations range from 0.74 to 0.99 and are especially high between the two back fat 
measurements where the correlation is close to unity. This is not, however, surprising given that 
these traits so closely resemble one another physically, and the very high genetic correlations 
indicate the underlying genetic framework for fat deposition to be similar for all the traits. 
Dramatic differences occur between the two data sets in the genetic correlations between the 
growth traits, pretest and daily gain, the genetic correlations being 0.09 and 0.55 for old and new 
data sets respectively. The phenotypic correlations also differ, but not as much, with the 
correlations being -0.13 and -0.03 respectively. The reason for the change is difficult to explain, 
but the later data had a lower residual variance and the fixed and random effects were better 
explained due to less confounding. The genetic correlation of pretest gain with on test gain 
observed with the later data (0.55) would be of particular importance in reducing costs as such a 
high correlation would allow accurate selection prior to test. 
For the later data set the correlations between the fats and the growth traits show the following 
pattern. The phenotypic correlations between the fat and growth traits are negligible (less than 
0.1) with the largest correlations occurring between shoulder fat and the gains (0.1 and 0.18 with 
pretest and daily gain respectively). The genetic correlations between growth to 45 kg and the fat 
measurements at 95 kg are very small, making pretest gain of little use in predicting end of test 
lean. There is however a sizeable negative set of correlations between daily gain and the 
ultrasonic fats. This would not be expected in an ad libitum group fed population but is often 
the case for restricted fed animals (Kielanowski, 1968). 
The reproduction data. The low heritability estimate reported may be due in part to an inability 
to separate the additive genetic component from that of the common environment of the dam. In 
contrast to the general trend in production traits, the variance in litter size was not unduly 
dependent on which farm the sow was housed. Three types of comparisons were used: 
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phenotypic variances, heritability plus common environment estimates and estimation of sire by 
herd effects, none of which showed differences in estimates across farms. A possible reason for 
the homogeneity of estimates across farms is that litter size, which is under the influence of the 
dam environment, may be rQs 	to differences in management practices; alternatively farrowing 
houses may be less variable. 
2.6 Conclusions 
A possible explanation for the low heritability estimates is that strong selection on the 
population in the past has lowered the additive genetic variance, an example of which may be the 
difference between the two growth traits: the low genetic variation of the selected trait daily gain 
and the higher variation of the unselected pretest gain. If permanent reductions in the additive 
genetic variance associated with selection are occurring it may be at variance with stronger 
selection experiments that have not encountered selection limits. However there is a finite 
physiological lower limit to fat depth. 
As indicated by a high genetic correlation with daily gain (0.55), pretest gain could be used to 
accurately preselect animals, with those animals with a high pretest gain being further selected 
after a test period provided. 
In a multi-farm system, significant differences have occurred in performance of offspring across 
farms, which is easier to detect than explain. The scaling of the farm measurements has to some 
degree made the population more uniform although differences still exist and further work is 
needed 
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Table 2.1 A description of performance record data sets. 
period of record collection May 88 to Feb 90 May 90 to Apr 91 
data set 1 2 
no of records in raw data 10179 7886 
incomplete records 60 43 
extreme values (see text) 1694 691 
no of records in analysis 8425 7152 
no of sires 	in analysis 211 148 
noofdams in analysis 1343 1610 
nooflitters 	in analysis 2915 2049 
no of herd by year by month classes 129 70 
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Table 2.2 Comparison of farms (A to K) for mean (p.), residual standard deviation (Cyr)  and 
coefficient of variation % (CV) for pretest gain (PTG), daily gain (DG) and the ultrasonic fat 
measurements (C, K, S and L), after fitting fixed effects, for data sets 1 and 2. 
trait 	data  AB C D E F G J K 
PTGg/day 	1 t 470.3 442.5 454.9 463.8 438.0 429.3 445.2 427.8 
Crr 51.4 47.5 47.7 42.0 46.1 50.6 52.9 33.8 
CV 10.9 10.7 10.5 9.1 10.5 11.8  11.9 7.9 
2 p. 456.6 443.5 448.9 458.1 431.4 428.0 422.1 
ar 50.0 50.9 51.0 50.3 56.4 51.5 38.5 
CV 11.0 11.5 11.4 11.0 13.1 12.0 9.1  
DGglday 	1 9 853.2 789.9 757.2 768.3 797.0 910.4 823.6 846.5 
Gr 90.4 106.0 111.7 94.7 108.5 153.1 118.0 111.7 
CV 10.6 13.4 14.8 12.3 13.6 16.8  14.3 13.2 
2 p. 849.7 776.7 787.2 779.0 802.9 688.1 869.9 
Gr 108.0 117.0 113.5 90.4 122.4 90.0 99.3 
CV 12.8 15.1 14.4 11.6 15.3 13.1 11.1  
fat Cmm 	1 p. 11.68 12.42 10.13 10.44 11.92 12.49 12.02 10.61 
y. 1.54 1.63 0.85 1.71 1.66 1.86 1.71 0.98 
CV 13.2 13.1 8.4 16.4 13.9 14.9  14.2 9.2 
2 p. 11.06 11.74 10.17 11.10 11.18 11.66 12.13 
c. 1.68 2.13 1.32 2.41 2.33 1.64 1.78 
CV 15.2 18.1 13.0 21.7 20.9 14.1 14.7  
fat Kmm 	1 p. 13.04 14.15 11.95 11.82 13.33 14.51 12.89 12.29 
ar 1.55 1.69 0.99 1.84 1.76 1.95 1.94 
1.54 
CV 11.9 11.9 8.3 15.6 13.2 13.4  15.1 12.5 
2 p. 12.36 13.10 12.35 12.01 12.64 13.82 13.63 
y. 1.72 2.33 1.61 2.37 2.49 1.65 1.76 
CV 14.0 17.8 13.0 19.7 19.7 11.9 12.9  
fat S mm 	1 p. 36.44 39.87 30.45 36.18 35.70 35.44 36.57 39.33 
ar 1.87 2.28 1.31 3.08 3.21 2.98 2.55 
2.00 
CV 5.1 5.7 4.3 8.5 9.0 8.4  7.0 5.1 
2 p. 34.75 34.57 32.49 34.21 33.51 33.88 34.58 
ar 4.21 4.01 2.38 3.84 3.70 3.12 2.87 
CV 12.1 11.6 7.3 11.2 11.2 9.2 8.3  
fat Lmm 	I p. 12.81 15.47 12.87 12.70 14.02 14.45 13.34 12.01 
crr 1.54 1.68 1.12 2.30 1.99 2.10 1.88 1.01 
CV 12.0 10.9 8.7 18.1 14.2 14.5  14.1 8.4 
2 p. 14.92 14.25 12.34 13.35 13.59 12.74 14.52 
ar 2.06 2.56 1.78 2.89 2.73 1.59 1.978 
CV 13.8 18.0 14.4 21.6 20.1 12.5 13.6 _______  
number of 1 2490 422 1345 1332 566 1362 209 699 
observations 2 1551 1331 934 1772 948 527 107  
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Table 2.3.1 Variance components, additive (c), common litter (a2 ), error ((2E)  and 
phenotypic (2),  for pretest gain (PTG), daily gain (DG) and ultrasonic fat (C, K, S, and L) for 
each farm, for data set 1. 
farm A B C D E F J+K 
PTGg/day C2A 967 297 347 187 319 162 852 
c 2c 314 351 682 425 669 315 227 
1489 1645 1555 1207 1185 2120 1299 
2768 2293 2584 1819 2173 2597 2378 
h2 0.35 0.13 0.13 0.10 0.15 0.06 0.36 
0.11 0.15 0.26 0.23 0.31 0.12 0.10 
DG glday a2A 1646 1 1 808 2698 127 25 
66 707 1378 1374 701 1953 1670 
6586 10571 11669 6867 8795 21390 10935 
8298 11280 13048 9049 12194 23470 12629 
h2 0.20 0.00 0.00 0.09 0.22 0.01 0.00 
0.01 0.06 0.11 0.15 0.06 0.08 0.13 
Fat Crnin Y2A 0.19 0.54 0.14 0.26 0.80 0.43 0.11 
0.07 0.09 0.27 0.33 0.16 0.65 0.06 
2E 2.12 2.05 2.10 2.35 1.89 2.42 0.56 
2.38 2.69 2.52 2.94 2.84 3.50 0.74 
h2 0.08 0.20 0.06 0.09 0.28 0.12 0.15 
0.03 0.04 0.11 0.11 0.06 0.19 0.08 
Fat Kmm a2A 0.14 0.63 0.22 0.30 0.70 0.29 0.13 
0.08 0.03 0.32 0.49 0.23 0.52 0.02 
2.18 2.23 2.97 2.64 2.24 3.01 0.86 
o.2p 2.40 2.88 3.52 3.43 3.18 3.83 0.99 
h2 0.06 0.22 0.06 0.09 0.22 0.08 0.13 
C2 0.03 0.01 0.09 0.14 0.07 0.14 0.00 
Fat Snun Y2A 0.18 0.20 0.00 1.93 2.51 0.88 0.09 
0.03 0.28 0.37 0.33 0.00 1.88 0.04 
2E 3.31 4.77 5.60 7.33 8.01 2.67 1.61 
3.52 5.24 5.97 9.60 10.52 9.03 1.73 
h2 0.05 0.04 0.00 0.20 0.24 0.10 0.05 
0.01 0.05 0.06 0.03 0.00 0.21 0.02 
Fat Lmm a2A 0.11 0.55 0.28 0.40 0.81 0.40 0.03 
0.09 0.00 0.32 0.38 0.20 0.26 0.08 
2.18 2.28 2.40 4.56 3.09 3.70 1.15 
2.37 2.83 3.01 5.34 4.10 4.44 1.27 
h2 0.04 0.20 0.09 0.07 0.20 0.11 0.03 
C2 0.04 0.00 0.11 0.07 0.05 0.06 0.07 
number of observations 2490 422 1345 1332 516 1362 908 
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Table 2.3.2 Variance components, additive (2A)'  common litter ( 2 ), error (o2E),  and 
phenotypic (as), for pretest gain (PTG), daily gain (DG) and ultrasonic fat (C, K, S. and L) for 
each farm, for data set 2. 
farm A B C D E F+G 
PTGg/day G2A 636 193 676 659 117 774 
296 457 615 284 518 668 
1549 1837 1165 1498 2114 1018 
2481 2487 2456 2441 2749 2470 
h2 0.26 0.07 0.28 0.27 0.04 0.31 
0.12 0.18 0.12 0.19 0.25 0.27 
DGglday a2A 994 4161 2452 955 165 1406 
114 982 1638 328 1402 435 
9130 8480 7766 6376 11052 6607 
10238 13623 11856 7659 12619 8448 
h2 0.10 0.31 0.21 0.12 0.01 0.17 
0.01 0.07 0.14 0.04 0.11 0.05 
Fat Crnm a2A 0.17 1.14 0.37 1.46 0.16 0.25 
0.20 0.26 0.08 0.54 0.61 0.33 
2.28 2.80 1.17 2.49 3.34 1.81 
2.65 4.19 1.62 4.49 4.10 2.39 
h2 0.06 0.27 0.23 0.33 0.04 0.11 
0.08 0.06 0.05 0.12 0.15 0.14 
Fat Krnm a2A 0.16 1.52 0.67 1.99 0.20 0.07 
cy20 0.26 0.20 0.09 0.23 0.56 0.57 
2E 2.22 3.38 1.68 2.29 3.87 1.89 
2.63 5.09 2.44 4.52 4.63 2.53 
h2 0.06 0.30 0.27 0.44 0.04 0.03 
c2 0.09 0.04 0.04 0.05 0.12 0.23 
Fat S nim a2A 1.16 1.73 0.78 1.68 1.96 1.06 
0.95 1.32 0.00 0.77 0.96 1.45 
10.40 10.32 4.33 11.41 9.64 4.81 
12.51 13.37 5.11 13.86 12.57 7.31 
h2 0.09 0.13 0.15 0.12 0.16 0.15 
0.08 0.10 0.00 0.06 0.08 0.20 
Fat Lmm a2A 0.18 1,69 0.21 1.70 0.12 0.02 
tT2C 0.14 0.21 0.04 0.38 0.52 0.74 
2E 2.41 4.01 1.63 4.87 5.18 1.93 
2.73 5.90 1.88 6.96 5.82 2.70 
h2 0.07 0.29 0.11 0.24 0.02 0.01 
0.05 0.04 0.02 0.06 0.09 0.27 
number of observations 1551 1311 934 1772 948 636 
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Table 2.4 Examples of genetic (covA),  litter (cov& and error (covE)  covariance estimates from 
successive cycles (8,9 and 10) of the multivariate REML analysis of pretest gain, daily gain and 




covc covE covA 
Cycle 9 
covc covE COVA 
Cycle 10 
covc covE 
PTG DG 0.562 -0.171 -0.156 0.565 -0.164 0.158 0.539 -0.159 -0.156 
PTG Fat  0.110 0.039 0.074 -0.072 0.041 0.067 -0.075 0.041 0.068 
PTG Fat S 0.071 0.085 0.011 0.016 0.076 0.092 0.135 0.086 0.095 
PTG Fat  0.074 0.006 0.065 0.019 0.021 0.076 0.100 0.009 0.059 
PTG Fat  -0.083 -0.124 0.070 0.122 -0.143 0.040 0.081 -0.130 0.046 
DG Fat C -0.410 0.260 0.073 -0.355 0.254 0.063 -0.374 0.250 0.067 
DG Fat  -0.132 0.142 0.233 -0.066 0.166 0.224 -0.105 0.146 0.230 
DG Fat  -0.256 0.238 0.089 -0.317 0.240 0.098 -0.230 0.240 0.084 
DG Fat  -0.323 0.166 0.125 -0.159 0.189 0.103 -0.232 0.179 0.011 
Fat C Fat S 0.883 0.692 0.433 0.866 0.691 0.436 0.852 0.700 0.437 
Fat C Fat K 0.984 1.000 0.826 1.000 1.000 0.823 0.989 1.000 0.826 
Fat  Fat  0.942 0.916 0.620 0.956 0.907 0.623 0.953 0.912 0.623 
Fat S Fat K 0.866 0.650 0.475 0.862 0.643 0.476 0.850 0.658 0.478 
Fat  Fat  0.817 0.708 0.439 0.818 0.715 0.440 0.825 0.728 0.439 
Fat  Fat  1 	0.949 0.919 0.636 1 	0.981 0.918 0.637 1 	0.983 0.919 0.636 
N 
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Table 2.5 Variance components (pooled estimates) for pretest gain (PTG), daily gain (DG) and 
ultrasonic fat depths (C, K, S, and L) for data sets 1 and 2. The measurements have been scaled 
by the appropriate farm phenotypic standard deviations. 
data 1 PTG DG Fat C Fat K Fat S Fat L 
2A 0.22 0.07 0.08 0.07 0.05 0.06 
0.18 0.08 0.12 0.09 0.08 0.07 
cY2E 0.65 0.88 0.86 0.87 0.84 0.87 
1.05 1.02 1.06 1.02 0.98 0.99 
h2 ± se 0.21 ± 0.04 0.07 ± 0.02 0.08 ± 0.02 0.07± 0.02 0.05 ± 0.03 0.06 ± 0.01 
c2 ±se 0.18±0.02 0.08±0.01 0.11± 0.01 0.08±0.01 0.09±0.01 0.07±0.01 
data 2 PTG DG Fat C Fat K Fat S Fat L 
0.21 0.14 0.13 0.18 0.12 0.08 
0.16 0.05 0.09 0.07 0.05 0.07 
0.60 0.77 0.68 0.65 0.72 0.69 
0.97 0.97 0.98 0.90 0.89 0.84 
h2 ± se 0.22 ± 0.04 0.15 ± 0.03 0.14± 0.03 0.20 ± 0.03 0.13 ± 0.03 0.10 ± 0.02 
C2 ±se 0.17±0.02 0.06±0.01 0.10±0.02 0.08±0.01 0.06±0.02 0.08±0.01 
Table 2.6 Multivariate estimates of heritabilities (on diagonal), genetic correlations (above) and 
phenotypic (below) for pretest gain (PTG), daily gain (DG), and ultrasonic fat depths (C, K, S, 
and L) for data sets 1 and 2. 
data 1 PTG DG Fat C Fat K Fat S Fat L 
PTG 0.20 0.09 -0.07 -0.18 0.05 -0.25 
DG -0.13 0.07 -0.11 0.07 0.03 0.06 
Fat  -0.01 -0.03 0.09 0.98 0.88 0.85 
Fat K 0.02 0.07 0.81 0.06 0.79 0.92 
Fat S 0.03 0.01 0.42 0.42 0.07 0.74 
Fat  0.01 -0.05 0.64 0.65 0.41 0.06 
data 2 PTG DO Fat C Fat K Fat S Fat L 
PTG 0.24 0.55 -0.08 0.06 0.09 0.02 
DG -0.03 0.12 -0.37 -0.27 -0.12 -0.26 
Fat  0,04 0.02 0.15 0.99 0.89 0.97 
Fat K 0.06 0.04 0.87 0.20 0.87 0.97 
Fat S 0.10 0.18 0.52 0.54 0.11 0.83 
Fat L 0.03 0.07 0.69 0.70 0.50 0.11 
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Table 2.7 A log likelihood ratio (LLR) test on the significance of differences between pooled 
and individual farm estimates of h2 plus c2 for pretest gain (PTG), daily gain (DG), and the 
ultrasonic fat depths (C, K, S and L). Presented are twice the differences in LLR between 
individual farms and the pooled estimate. 
Fann PTG DG Fat C Fat K Fat S Fat L 
A 1.47 6.96 5.79 6.11 0.37 3.11 
B 3.05 9.63 2.84 1.60 2.10 7.54 
C 5.93 8.35 0.95 0.78 3.84 3.67 
D 1.74 0.70 19.3 15.6 0.14 7..80 
E 2.49 3.52 1.60 2.88 0.62 2.01 
F+G 6.35 0.04 0.23 3.78 6.68 6.83 
Total LLR 21.0* 29.2* 307* 30.8* 13.8 31.0* 
* P'zO.05, x2  10 df. 
Table 2.8 A log likelihood ratio (LLR) test for the inclusion of a sire by herd term in the 
parameter estimation analyses for pretest gain (PTG), daily gain (DG), and the ultrasonic fat 
depths (C, K, S and L). Presented are twice the differences in LLR between estimates. 
Trait PTG DG Fat C Fat K Fat S Fat L 
LLR 13.07* 0.12 6.13* 5.00* 2.76 5.87* 
* P<005 x2  ldf. 
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Table 2.9 A summary of the litter size data. 
Period of record collection May 86 to Apr 91 
Number of records in data 10337 
Number of dams in data 3020 
Mean litter size 10.3 
Phenotypic standard deviation 0.37 
Coefficient of variation (%) 28 
Heritability 0.051 ± 0.010 
Common environmental effect 0.097 ± 0.012 
Table 2.10 Comparison of farms for mean (j.t), residual standard deviation (°i.)  and coefficient of 
variation % (CV), after fitting fixed effects on a within farm basis, for litter size. 
Farm A B C D E F G H I J K 
10.3 10.4 10.0 10.9 9.9 9.9 9.6 11.0 10.6 10,3 10.2 
Gr  3.1 3.2 2.9 3.2 2.8 3.0 2.8 2.9 3.0 2.8 2.5 
CV 29.8 30.3 28.6 29.2 28.6 29.9 29.3 26.2 28.0 27.2 24.2 
noobs. 1 	2185 1248 1357 1 	1665 1 	939 1109 143 236 353 638 464 
Table 2.11 A log likelihood ratio (LLR) test on the significance of differences between pooled 
and individual farm estimates of h2 plus c2 for litter size. Presented are twice the differences in 
LLR between individual farms and the pooled estimate. 
Farm A B C D E F + G H+I+J+K Total 	I 
LLR 0.56 7.88 0.25 4.43 3.50 0.43 1.70 18.75 NJ 
* P<0.05, x2 12 df. 
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CHAPTER 3: Optimisation of AT structure within a Group Nucleus 
3.1 Introduction 
Animal breeding is often practised within a closed pyramidal structure of improvement with 
selection carried out on an elite group of individuals, the nucleus, at the apex (Bichard & David, 
1984). As all the permanent genetic improvement takes place in the nucleus the choice and use of 
these animals is particularly important in effectively meeting the breeding goal. The CPDC 
Group Nucleus (Webb, 1988) consists of animals housed over several locations and as such can 
be used as a model to investigate how a multiple farm nucleus can be optimised. 
The Group Nucleus has as its basis an enlarged nucleus which combines the nucleus and pure-
bred multiplier tiers of traditional breeding schemes. It is not practicable, however, to house all 
the animals comprising the enlarged nucleus on a single farm due to the constraints imposed by 
the costs of setting up the scheme, management practices and the high health risk to the animals. 
A Group Nucleus, therefore, comprises individuals which are housed over several farms. The 
sows are replaced from within farms and are mated either to boars replaced from within the farm 
or to boars at a central artificial insemination (Al) centre. The links between the farms are 
created and maintained through the use of semen from the Al centre. The best boars from across 
the population are selected for Al service. The use of best linear unbiased prediction (BLT.JP) 
(Henderson, 1973) to assess the genetic merit (Estimated Breeding Value) of animals allows 
comparisons to be made accurately between farms so that the selection of the best boars (and 
sows) from throughout the population can be made. Of particular interest in optimising the 
design of the Group Nucleus is the effect of altering the extent of gene flow among farms within 
the nucleus, especially on the response to selection and the accumulation of inbreeding. 
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Existing farm resources were used to create the CPDC Group Nucleus, so that the sows are 
housed over several farms, with the choice of replacement sows only made from within the stock 
of each individual farm. As, however, response to selection has been reported to be dependent 
on the population size (e.g. Smith, 1984; De Roo, 1988), this partial subdivision of the sow 
population across several farms may lower responses compared to a single sow population of the 
same overall size. The aim of this analysis was, therefore, to quantify by how much the 
responses were lowered using a multiple farm design. 
The high costs and increased labour associated with Al together with the need for boars to 
promote oestrus indicate that it may be beneficial to have some natural service (NS) boars (used 
in this report to define boars selected and used within one herd) available. The Al boars, 
however, are selected first and from throughout the whole population and as such are of superior 
genetic merit to the NS boars. Additionally, the Al boars create the links between farms that are 
essential if the BLUF evaluation is to be efficient. The effect, therefore, of altering the 
proportion of Al on the rates of response and inbreeding in the nucleus was investigated. 
Comparisons were carried out between different nucleus designs to determine an optimum herd 
structure. In order, however, to avoid the high cost and long time required for live animal trials, 
schemes were compared using predictions made by both deterministic equations and simulation 
methods. The nucleus designs were compared for various proportions of Al matings taken across 
the range of Al use from 0 to 100%, with varying numbers of farms (1, 2, 4 and 10) contributing 
sows to the nucleus population. 
Rates of response and inbreeding, often over a set time horizon, are an important factor in 
comparing and contrasting different population structures. Other population parameters, such 
as selection differentials, were however collected for use in the development of deterministic 
models. The results obtained from the prediction formulae were assessed by comparison to 
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those obtained through simulation. The formulae were developed to predict rates in a multiple 
farm population appropriate to the Group Nucleus. The main advantage in developing a 
deterministic model is that, by being able to explain the underlying trends, predictions can be 
extended to other situations or schemes. 
3.2 Materials and methods 
A Monte Carlo simulation enabled an evaluation of the properties of various nucleus designs, 
with the rates of inbreeding and response over a fixed time horizon compared. The analysis 
spanned a time period of ten years with two farrowing periods each year, a feasible span for the 
breeding aim of a commercial organisation (De Roo, 1988). The simulated population was based 
on a commercial Group Nucleus, but due to computing constraints the population comprised 
only 100 sows, the lower limit for a profitable breeding nucleus (Naveau, 1975). Even so, the 
number of individuals evaluated per replicate was over 18000, and hence the number of replicates 
to distinguish between schemes was small; a total 10 replicates was used per scheme. Due, 
however, to the policy in the commercial herd of a continuous system of test places with weekly 
selection, the number of sows and boars within each contemporary group was similar to the 
simulation. 
To assess the effect of number of contributing farms, a fixed number of 100 sows were housed 
over one, two, four or ten farms with 100, 50, 25 or 10 sows per farm, respectively. Boars were 
either replaced from within the farm or across all farms to create links across the nucleus and to 
simulate the use of AT. Several different ratios of AT use were studied, with a 10% increase in AT 
being accompanied by one extra Al boar and two less NS boars, i.e. in order to make the 
simulation more realistic the AT boars were mated at twice the rate of the NS boars. 
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The selection of the animals to produce the subsequent generation was carried out once every six 
months (one time period) on the EBV of a trait measurable on all animals at end of test. The end 
of test was set at six months of age so that animals could be selected six months after being 
born. Thus the minimum generation interval was one year. All animals were evaluated twice a 
year by BLUP with sequential culling of sows, NS boars (within farms) and AT boars (across 
farms). The trait was simulated with various heritabilities encountered in animal breeding, 10, 30 
and 50%. A constant common environmental variance of litter mates of 10% of the phenotypic 
variance was also included in the model to simulate a common litter effect, a usual feature of pig 
evaluation procedures. The phenotypic variance of the trait was 100. Animals were assigned to a 
fixed effect group according to their herd and period on test; the herd by time period variance was 
10, equivalent to a tenth of the phenotypic variance. 
3.2.1 The Simulation 
A computer programme (N.R. Wray, personal communication) was developed to simulate a pig 
Group Nucleus population. The records were constructed for each animal from a random animal, 
common litter and residual component as well as a fixed effect for each farm by time unit. 
Account was taken of the effects of inbreeding on the additive genetic variance both in the 
simulation and the BLUP procedure. The trait was assumed to be controlled by many unlinked 
additive loci each of very small effect, the infinitesimal model (Bulmer, 1980). The phenotype 
was constructed for each individual as follows: 
y = Xb + Za + Wc + e 
where, y = trait measurement, X = incidence matrix of fixed effects (semi-annual farm effect), Z, 
W = incidence matrices of random effects, b = vector of fixed effects, a = vector of random 
animal effects, c = vector of random litter effects, e = vector of random errors. 
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The true breeding value (TBV) for each individual in the base population was created as 
TBVb e  and distributed as N (O,o 2 ), a normal distribution with mean = 0, and variance = 
the additive genetic variance. All base animals were assumed to be unrelated, implying Fb e = 
0, and for subsequent generations the true breeding values were TBV0 	g = (ThVe + 
TBV..)/2 + ; where is a Mendelian term sampled from N(0,(l ('sire + F m)/2)A2  /2), 
where Foffrng  was calculated from coancestly information. 
Selection was carried out by best linear unbiased predictor using a time saving routine by 
Schaeffer and Kennedy (1986). An important effect in a finite population, such as a commercial 
nucleus, is the accumulation of inbreeding and associated reduction in the additive genetic 
variance. A program by Meyer (1988) following rules developed by Quaas (1976) was used to 
correct Schaeffer and Kennedy's routine to account for the reduction in variance induced by the 
level of inbreeding. 
The rates of inbreeding were calculated from coancestiy information as AF = (F - F1)/(l - F.1), 
where AF is the rate of inbreeding per year, and Ft  is the average inbreeding coefficient of 
offspring in year t (Falconer, 1981). 
3.2.2 Deterministic methodology 
The main advantage of a deterministic model is that by understanding the underlying factors 
affecting response predictions for a wide range of similar schemes can be made. It also provides 
a cheap and easy method to compare schemes. Predictions of response by deterministic formula 
need, however, to take into account changes in the original (base) parameters describing the 
population caused by selection and inbreeding. 
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Rates of response were calculated for selection under BLUF. Several formulae were evaluated in 
the analyses: as a first approximation a truncation selection formula was analysed. Dekkers 
(1990, 1992) formula to account for selection under BLUP was also evaluated, and then modified 
to account for the effects of inbreeding and re-evaluated. Several formulae were used to clarify 
the improvements in prediction that can be achieved by accounting for different complicating 
effects, such as the reduction in variance through either selection or inbreeding 
A particular problem in comparing rates of response and inbreeding for a variety of Group 
Nucleus structures is to account for the differences in population structure associated with a 
change in proportion Al. Taking the extremes: at 100 % Al the nucleus is a population of 100 
sows, subdivided for selection into four herds, with 10 boars forming links between those herds, 
whereas at 0% the nucleus consists in effect of 4 unlinked herds each with 25 sows and 20 boars. 
Thus altering the herd structure may change both the response and the rate of inbreeding, which 
is inversely proportional to the effective population size. 
Prediction of rates of response 
As a starting point the formula for predicting rates of response under truncation selection was 
used as a basis for comparison to more complex methods. The formula from Falconer (1981, 
p. 175) was modified to take into account not only the average male and female selection 
intensities but also the two male selection intensities corresponding to the use of NS and Al 
boars ,i.e. 
R = hGA(im+if)/(Lm+Lf) 	 (1) 
where R is the annual response, if is the female selection intensity, im(male selection intensity) = 
pi+(l-p)iNs, where p is the proportion of Al use, the calculation taking into account both male 
selection intensities. Lm,Lf  are the generation intervals for males (both Al and NS) and females 
respectively. 
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Several of the assumptions underlying the basic formula are violated by the structure of the 
simulated population. These discrepancies between prediction and actual include overlapping 
not discrete generations, finite rather than infinite population size and also, as a consequence of 
finite size, a reduction of genetic variance through inbreeding. Additionally, by using BLUP, the 
selection has been made on information from the individual and its relatives. From this base line 
improvements brought about by more accurate predictions can be judged. 
lDekkers (1990) proposed a method for predicting rates of response under EBV selection. The 
original equation assumed equal selection intensities in males and females and so was modified 
to include different selection intensities, which were then averaged to give an approximate overall 
response. The prediction formula used for rates of response under BLUF selection was 
= iPaA* 	= [1+k(1-p2)]o A/(1+k) 	 (2) 
where R* = response, p = accuracy (simulated), c72 A* = asymptotic additive genetic variance, c72  
= base population additive genetic variance, and k is the mean of k = i(i-X) over each pathway, 
and x is the deviation of the truncation point from the mean. 
In a finite population the accumulation of inbreeding may be substantial. A preliminary 
simulation study in which inbreeding was either included or not included in the model revealed 
differences in the rate of response, which was a consequence of the reduction in the additive 
genetic variance by a factor of approximately 1-F, where F is the mean inbreeding coefficient in 
that generation. The previous formula (2) was, therefore, modified to account for this, i.e. 
RF = ip(l -F)af 	 (3) 
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Finally an improvement in prediction was undertaken by calculating the intensities of selection to 
account for finite sample sizes (Becker, 1975). No account was taken of coselection of relatives 
influencing intensity of selection (Hill, 1976; Rawlings, 1976) 
Prediction of rates of inbreeding 
Selection results in very unequal numbers of descendants being left by different individuals and, 
although beneficial in improving the genetic merit of the stock, this can lead to an accumulation 
of inbreeding, with consequent reduction in additive genetic variance and the reduction in fitness 
brought about by the increased homozygosity. Different selection intensities, hentabilities and 
selection methods affect the rate of inbreeding. Although it is relatively easy to calculate 
inbreeding from the pedigree, prediction of rates of inbreeding (AF) are more difficult, and are 
based on the fact that inbreeding is closely associated with population size. The problems in 
evaluating inbreeding, as Woolliams et aL (1993) have shown, depend on the prediction of the 
additive genetic variance, presence of random mating and the selective advantage of chosen 
individuals. This selective advantage term does not asymptote and so is difficult to predict. In 
this chapter the emphasis has been placed on comparing the rate of inbreeding across different 
population structures and a more simplistic method has been used than that developed by 
Woolliams et aL (1993). 
In order to account for the changing population structure encountered as the proportion Al is 
altered, a formula from Falconer (1981, p.65) was adapted. A similar method was used by James 
(1982) to predict effective population sizes in open nucleus schemes. The rate of inbreeding is 
AF =[p2(1/NAI  + 1/N Q )+q2(1 INNS  + 1IN) ]/8L2 
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where L is the average generation interval, Npop is the number of females entering the total 
population, N.01 is the number of females entering each herd, NM  is the number of males 
being used across herds (Al), and NNS  is the number being used within herds (NS), p is the 
proportion of Al use, and q = 1- p  is the proportion of natural service boar use. The formula does 
not, however, take into account family structure and the coselection of relatives as it is based on 
a randomly selected population. 
3.3 Results 
3.3.1 Common trends for selected populations 
The population was selected over 20 time periods with statistics collected on the Al and NS 
boars, sows and the unselected offspring. The statistics included the breeding values (means and 
variances), correlations, selection differentials and mean inbreeding coefficients in order that the 
effect of selection on the components of response could be investigated. All the populations 
under selection showed a sudden drop in variances of breeding value in the first and second time 
periods attributable to gametic phase disequilibrium causing a reduction in the between family 
variation (Falconer, 1981). This was followed by a gradual decline thereafter due in part to the 
fixation of genes. Associated with the decline in variances of breeding value is a steady 
accumulation of inbreeding, which was found to be heavily dependent on both the heritability of 
the trait and the population size. Also noticeable and a possible consequence of the reduction in 
variance is a decrease in the correlation between true and estimated breeding values. The 
combination of these factors affects the responses achieved. 
Schemes can be judged either on rates of response calculated for one round of selection (e.g. 
Land & Hill, 1975) or over many rounds. Comparison of both these methods was carried out by 
Wray (1989) who noted a high correlation (0.996) between ranking of the methods, the 
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conclusion being that single generation methods do present a fair comparison of schemes. As the 
aim, however, of this analysis was to predict the rate of response, and as single round methods 
tend to lead to overestimates, the asymptotic rate of response was calculated. For the subsequent 
analyses the results presented are the averages over fifty replicates from time periods 10 to 20. 
Later time periods were used to estimate trends thus avoiding: the initial drop in variances due to 
the Bulmer effect, the initially slow accumulation of inbreeding as the base population was 
assumed unrelated and the accumulation of ancestors' information for the BLUP calculations. 
The use of replication reduces the variance due to sampling and furthermore enables both the 
means and variances of results to be calculated. 
3.3.2 Effect of partial subdivision of the sow population 
The effect of subdividing the sow population was investigated by altering the number of 
contributing herds whilst maintaining a constant population size and 100 % Al. From the results 
obtained some clear trends are visible. The lower the heritability the greater the loss of response 
with subdivision primarily due to the associated differences in intensities predicted by Rawlings 
(1976) and Hill (1976) (table 3.1). Differences between schemes, however, were slight with 
maximum deviations not exceeding 12% in all cases; and, although the rate of response is 
influenced by the accumulation of inbreeding, this had little effect due to the low variation in 
inbreeding between schemes. Slightly higher rates of inbreeding were observed when the 
population was highly subdivided, as might be expected. 
To investigate why there is little effect of subdivision the summary statistics for components of 
response are presented in table 3.1. Due to sampling sows have the lowest selection intensities 
when the subdivision is large. In contrast, and especially when the heritability is low, 
subdivision increases the Al boar intensity. Intuitively this may seem odd, but may be explained 
as a consequence of the subdivision imposing a restriction on family contribution which 
me 
decreases the relationships between boars and hence the correlation between indices (Meuwissen, 
1991). As expected, this effect decreases as the heritability increases. Furthermore, any 
differences in sow contribution to the next generation will be averaged with the contribution of 
Al boars, which is constant across schemes. Any differences, however, between schemes will 
accumulate through time. Hence, in summary, comparison of schemes would indicate that 
subdivision of population of sows, within the scope of the analyses, has little significant effects 
on responses and inbreeding. 
3.3.3 Effect of altering the proportion of Al matings 
The effects of lowering the proportion Al are reported for rates of inbreeding and response in 
figure 3.1 and table 3.2 and for components of response in table 3.3. A common trend observed 
for all heritabilities is that across all proportions of Al use the rates of response are very robust 
for all but the lowest proportion Al. For example, with a heritability of 30% there is less than 
10% difference in responses achieved over the (upper) 90% of the Al range. 
The accuracy of selection can be calculated as the correlation between true and estimated 
breeding values. Under BLUP selection the square root of the heritability underpredicts this 
value. For example, using the average values for the unselected offspring from tables 3.4 the 
under prediction is 65, 86 and 98 % for heritabilities of 0.1, 0.3 and 0.5 respectively. The 
simulation of accuracy for selected animals is, however, erratic. In general, the statistic does not 
settle either as quickly as the other collected statistics or before the simulation is terminated. 
This can be predicted and is especially apparent when the heritability is low and the animals 
highly selected. 
Other notable trends observed with changing the proportion Al include: higher rates of 
inbreeding at the extremes, maximum responses at 90 % Al and poorer accuracy at 0% Al. A 
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major influence on the rate of inbreeding is the number of families present within the population. 
At the extremes of proportion Al the number of families is small with least numbers of sires and 
dams occurring at 100 and 0% Al respectively, leading to higher levels of inbreeding. The 
maximum responses are at 90% for the higher heritabilities with no significant differences 
between 90 and 100% Al for a heritability of 10%. This is because after several generations of 
selection the reduction in variance due to inbreeding is largest at 100% Al so that even with the 
smallest number of boars selected the observed selection intensities are less than those of 90% 
Al. In general, the advantage of using a highly selected set of boars may be limited in the long 
term by their effect on the rate of inbreeding and consequently response. 
3.3.4 Prediction by deterministic equations 
In evaluating the rate of response an accurate estimate of the genetic variance is important. 
Several deterministic equations for calculating the genetic variance were evaluated against the 
results obtained through the simulation (tables 3.4). The least accurate method was to use the 
base population standard deviation (orav) and to correct for neither the effects of selection nor 
inbreeding. The method of Dekkers (1990) (arv) gave an overprediction of the standard 
deviation by an average of 12.1 % over all schemes. This is a good approximation, but the 
modified formula (OTBv), again averaged over all schemes, overpredicted the standard deviation 
by only 2.1 %. This method is accurate but dependent on the inbreeding coefficient being 
known. 
With the variance calculated accounting for inbreeding, the unselected population accuracy 
obtained from the simulation and the average appropriate intensities of selection obtained from 
tables (Becker, 1975), the best estimates were obtained (prediction tables 3.4). On average, the 
predictions of response in time period 20 were only 0.3 % different from the simulated results. 
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The rate of inbreeding was underpredicted in all cases, for example in a single herd the prediction 
was 0.01375 per annum. The underestimation was more extreme as the heritability of the trait 
decreased, i.e. responses were underpredicted by 59, 68 and 76 % with heritabilities of 50, 30 
and 10 % respectively. When the schemes were evaluated over the range of Al the standard 
formula failed to rank correctly the inbreeding rates of the schemes, as 0% Al gave higher 
observed rates of inbreeding than 100% Al, whereas the prediction ranked 100% Al lower. A 
trend of 1.375, 1.125, 0.625, 0.925 and 1.125 calculated for 100, 90, 50, 10 and 0 % Al, 
respectively, meant that at least the minimum inbreeding scheme was identified correctly. 
3.4 Discussion 
It might have been expected that changes to the gene flow within a breeding structure, such as 
altering the proportion of Al matings or partially subdividing the population, would have had a 
significant effect on response. In general, this was not the case for a wide range of either Al 
mating schemes or number of contributing herds, as the effect of altering gene flow did not 
markedly affected any of the components of response. At extremely low levels of connection 
responses declined slightly; but if both of these factors were altered together, thereby 
contributing to a low gene flow, it is proposed that rates of inbreeding and response would be 
considerably more affected. As only a little gene flow is needed to maintain responses, however, 
below a certain threshold responses decline to the level of that in isolated populations. In the 
following section specific examples, predictions and implications are discussed. 
3.4.1 Simulation 
The main conclusions of the simulation were that the rates of response were little changed over 
the range of proportion Al for all but the lowest proportions, and that subdivision of the sows 
alters responses by only up to 1% per annum. A contributory reason for the robustness of 
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responses across schemes is the small effect that change of structure has on intensities of 
selection. It is expected that as population size increases the effect of subdivision 
decreases, as diminishing increases in response are observed with increasing herd size (De Roo, 
1988). In practice, however, selection is made within a continuous system of testing; assuming a 
herd size of 350 sows and 2.2 litters a year selection decisions are made from 15 sows plus guts 
and hence selection differentials are reduced. As a direct consequence of the large litter size of 
pigs, however, there are high numbers of offspring available for selection even with small herd 
sizes, so that 25, 50 or 100 sows yield similar intensities. A practical drawback to this is that 
conformation and inbreeding plans may reduce the number of offspring available considerably. A 
similar effect is occurring when altering proportion Al because the Au boars are only marginally 
superior to the NS boars and, with a 10% change in proportion Al, 25% of the same boars are 
retained. 
As the total numbers of individuals were similar in all schemes and BLUP accounts for 
differences in fixed effects such as herds, it is expected that the differences in variances are due 
to the differences in herd size, with lower intensities for the smaller herds. The differences in 
variance were mirrored by the accuracy, except at 0% Al when they declined due to the smaller 
effective population size when the herds are isolated. 
The implications of inbreeding are at least twofold: firstly as increased homozygosity and the 
associated problems of inbreeding depression such as reduced fitness and, secondly through its 
effect on the additive genetic variance and hence on responses achieved. Rates of inbreeding 
did differ markedly across schemes considered. As expected, increases in heritability resulted in 
lower rates of inbreeding due to the increased weighting to family information with low 
heritability traits, for example rates with heritability 0.5 and 0.3 are 65% and 85%, respectively, 
of that with heritability of 0.1. Across proportion Al, the highest inbreeding rates were 
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at the extremes, both 0 and 100%. Across herd sizes, differences did occur although a consistent 
pattern was hard to distinguish. 
As selection decisions are rarely made solely on response, other factors such as the level of 
inbreeding need to be considered when optimising a scheme. For the schemes compared the 
selection responses are very flat, whereas in contrast the rate of accumulation of inbreeding is 
quite variable. The optimal boar ratio, therefore, if level of inbreeding is considered does not lie 
at 100% Al which has the highest level of inbreeding. An alternative to having a lower 
proportion Al is to increase Al boar numbers and so reduce inbreeding, so not only would rates 
of inbreeding be kept in check but a herd structure with good connectiveness would also be 
maintained. 
3.4.2 Predictions 
The use of a prediction formula for estimating rate of response was found to be an accurate way 
to compare schemes and furthermore make tentative estimates of response provided the level of 
inbreeding could be predicted. In contrast the rate of inbreeding was consistently underpredicted 
by the simple formula used. The relative merits of the two prediction formula are discussed in 
this section. 
The intensity of selection was oveipredicted compared to predictions assuming selection from 
infinite populations. As the sample sizes in the simulation were finite then appropriate 
intensities of selection (Becker, 1975) were used to account for the reduced intensity. This was 
an easy correction to apply to the intensities for sows and NS boars but accounted for only small 
differences of the order of 1% of the response for the schemes considered. The Al boar 
selection intensities (e.g. 10/500) were effectively the same as those obtained from an infinite 
population and no improvements could be made. 
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Large differences of the order of 10% still remained to be accounted for between predicted and 
actual intensities. Two areas for further possible improvements exist. As Rawlings (1976) and 
Hill (1976) noted, if indices are correlated, the intensity will be reduced. Selection on EBVs is 
an obvious example of selection on correlated indices,  and the correlation increases with 
decreasing heritability. An indication that this may be significant is that the averaged (simulated) 
selection intensities for a low heritability of the simulated trait were 8 % lower than those for a 
high heritability. Additionally, the overlapping generation structure may affect selection 
intensity by breaking the assumption of normality, i.e. 25 out of 150 sows are already 
preselected; although this was not investigated. 
The realised responses to selection were smaller than predicted if account was not taken of the 
reduction in variance due to selection and the reduction in variance due to inbreeding; the 
modified formula of Dekkers (1990) was the most accurate. 
Rates of inbreeding were predicted adequately for the schemes with a high heritability, but for 
the lowest heritability rates of inbreeding were underpredicted by twofold. The reason for the 
underprediction is that the formula does not take into account nonrandom selection, and with 
lower hentabilities coselection of relatives increases and family sizes deviate more from random 
selection. 
3.5 Conclusions 
The effect on response of altering gene flow through the nucleus was minimal for most schemes 
compared. This can largely by attributed to the high number of suitable alternative candidates 
from within each selection cohort from which high genetic potential can be transmitted. 
Furthermore increased selection intensities produces higher rates of inbreeding. It is possible, 
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therefore, to choose schemes that have adequate levels of response whilst minimising  the possible 
inbreeding. It could be deduced therefore that the effect of limiting gene flow only becomes 
important when large differences occur between the quality of individuals available within and 
between farms. The robustness of responses when partial subdivision of a population occurs 
goes some way to vindicate the use of a multiple herd system. 
In order to compare schemes a deterministic method was tested for predicting the rates of 
response and was found to be adequate, especially if selection and inbreeding were accounted 
for. In contrast, the predicted rates of inbreeding were severe underestimates, with the estimates 
worst at low heritabilities. Formulae are now being developed for accurately predicting of rates 
of inbreeding under mass selection (Woolliams et al., 1993) and in future it is hoped will lead to 
predictions of inbreeding under BLUP selection. 
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Table 3.1 Effect of partial subdivision of a population of 100 sows on response and its 
component parts for schemes with 1, 2, 4 and 10 contributing herd(s) linked by 100 % Al. The 
average standard errors (s. e.) presented; the evaluation was over 10 replicates. 
h2  contributing herds 1 2 4 10 S.C. 
0.1 unselected OEsv 0.96 0.95 0.94 0.93 0.12 
unselected accuracy 0.46 0.46 0.45 0.44 0.03 
female selection differential 1.35 1.32 1.30 1.23 0.09 
female selection intensity 1.41 1.39 1.38 1.32 - 
female accuracy 0.20 0.22 0.19 0.26 0.04 
male selection differential 2.22 2.21 2.20 2.19 0.14 
male selection intensity 2.31 2.32 2.34 2.36 - 
male accuracy 0.18 0.12 0.13 0.14 0.10 
response 1.36 1.32 1.26 1.22 0.20 
0.3 unselected Ov 2.32 2.32 2.33 2.31 0.40 
unselected accuracy 0.59 0.59 0.59 0.58 0.02 
female selection differential 3.27 3.23 3.24 3.10 0.12 
female selection intensity 1.41 1.39 1.39 1.34 - 
female accuracy 0.29 0.31 0.33 0.34 0.03 
male selection differential 5.54 5.52 5.60 5.56 0.24 
male selection intensity 2.39 2.39 2.40 2.40 - 
male accuracy 0.21 0.19 0.19 0.20 0.11 
response 2.86 2.85 2.94 2.76 0.34 
0.5 unselectedv 3.57 3.57 3.57 3.58 0.68 
unselected accuracy 0.70 0.70 0.69 0.69 0.01 
female selection differential 5.03 5.02 4.99 4.91 0.15 
female selection intensity 1.41 1.40 1.40 1.37 - 
female accuracy 0.39 0.39 0.41 0.42 0.03 
male selection differential 8.60 8.66 8.70 8.71 0.25 
male selection intensity 2.41 2.42 2.44 2.43 - 
male accuracy 0.27 0.25 0.27 0.27 0.10 
response 1 	4.22 4.26 4.20 4.15 0.47 
- Standard errors are not presented for selection intensity as it was computed outside the 
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Figure 3.1 Comparison of average achieved responses and inbreeding coefficients (as a 
percentage of 100% Al of highest heritability) after 10 years of selection for schemes with 
varying proportions of matings to Al boars, for a range of heritabilities. 
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Table 3.2 Comparison of average achieved responses and inbreeding coefficients after 10 years 
for schemes with varying proportions of matings to AT boars, for a range of heritabilities. The 
standard errors (se.) presented are the average of all schemes, each scheme was evaluated over 10 
replicates. 








0.1 response 14.9 16.2 17.9 18.7 18.8 0.44 
inbreeding 0.47 0.42 0.37 0.41 0.39 0.03 
0.3 response 36.8 41.5 41.9 -16.2 43.8 0.79 
inbreeding 0.39 0.27 0.24 0.28 0.34 	1 0.02 
0.5 response 57.5 61.1 67.1 70.2 67.7 0.67 
inbreeding 0.32 0.22 0.23 0.25 0.27 	1 0.02 
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Table 3.3.1 Comparison of average rate of response obtained through prediction formulae 
(model 3) with observed values over a range of schemes with varying proportion Al. Both the 
true (TBV) and estimated (EBV) breeding values and the components of response (averaged 
over time periods 10 to 20) are presented. The standard errors (s.c.) presented are the average of 
all schemes, each scheme was evaluated over 10 replicates. Heritability of 10%. 
Proportion Al 0 10 50 90 100 1 	s. e. 
Unselected EBV 1.31 1.11 1.07 0.99 0.11 
rBv 3.14 2.65 2.62 2.53 2.44 0.30 
Pvrav 0.30 0.40 0.40 0.39 0.40 0.04 
Al EBV selection differential 2.88 2.50 2.47 2.18 0.20 
selection intensity 2.58 2.34 2.52 2.20 - 
expected intensity 3.17 2.67 2.46 2.42 - 
NS EBV selection differential 1.55 1.62 1.69 1.61 0.11 
selection intensity 1.18 1.45 1.59 1.64 - 
expected intensity 1.58 1.61 1.72 1.86 - 
Sow EBV selection differential 1.21 1.28 1.42 1.36 1.35 0.10 
selection intensity 0.93 1.15 1.33 1.40 1.36 - 
expected intensity 1.49 1.49 1.49 1.49 1.49 - 
Average selection intensity 1.54 1.66 1.84 1.95 1.96 - 
Average k value 0.80 0.82 0.84 0.85 0.86 - 
Inbreeding in year 10 0.36 0.31 0.24 0.31 0.31 0.03 
Prediction aTBV 3.162 3.162 3.162 3.162 3.162 - 
* 
TBV 3.120 3.046 3.045 3.051 3.043 - 
2.496 2.530 2.654 2.535 2.528 - 
Response predicted 11.50 16.78 19.55 19.23 19.77 - 
observed 14.86 16.20 17.93 18.74 18.79 0.44 
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Table 3.3.2 Comparison of average rate of response obtained  through prediction formulae 
(model 3) with observed values over a range of schemes with varying proportion Al. Both the 
true (TBV) and estimated (EBV) breeding values and the components of response (averaged 
over time periods 10 to 20) are presented. The standard errors (s. e.) presented are the average of 
all schemes, each scheme was evaluated over 10 replicates. Heritability of 300NO. 
Proportion Al 0 10 50 90 100 s. e. 
Unselected 2.53 2.51 2.35 2.27 2.21 0.45 
mv 5.12 4.65 4.33 4.25 4.17 0.58 
PEBVTBV 0.61 0.55 0.52 0.54 0.53 0.03 
Al EBV selection differential 8.09 6.15 5.43 5.29 0.33 
selection intensity 3.22 2.61 2.39 2.39 - 
expected intensity 3.17 2.67 2.46 2.42 - 
NS EBV selection differential 3.38 4.32 3.86 3.70 0.25 
selection intensity 1.48 1.72 1.64 1.63 - 
expected intensity 1.58 1.61 1.72 1.86 - 
Sow EBV selection differential 2.81 3.32 3.14 3.17 3.11 0.12 
selection intensity 1.11 1.32 1.34 1.39 1.41 - 
expected intensity 1.49 1.49 1.49 1.49 1.49 - 
Average selection intensity 1.54 1.66 1.84 1.95 1.96 - 
Average k value 0.80 0.82 0.84 0.85 0.86 - 
Inbreeding in year 10 0.32 0.23 0.23 0.24 0.28 0.03 
Prediction 17TBV 5.477 5.477 5.477 5.477 5.477 - 
*TBV 
 5.007 5.094 5.124 5.099 5.110 - 
4.129 4.470 4.500 4.445 4.336 - 
Response predicted 38.68 40.76 43.08 46.69 44.93 - 
observed 36.81 41.54 41.89 46.18 43.81 0.79 
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Table 3.3.3 Comparison of average rate of response obtained through prediction formulae 
(model 3) with observed values over a range of schemes with varying proportion AT. Both the 
true (TBV) and estimated (EBV) breeding values and the components of response (averaged 
over time periods 10 to 20) are presented. The standard errors (s. e.) presented are the average of 
all schemes, each scheme was evaluated over 10 replicates. Heritability of 50%. 
Proportion Al 0 10 50 90 100 s.e. 
Unselected OBV 3.99 3.82 3.70 3.57 3.53 0.69 
CTTBV 5.93 5.65 5.56 5.51 5.43 0.87 
Pavmv 0.59 0.63 0.64 0.65 0.65 0.01 
Al EBV selection differential 11.2 9.63 8.81 8.45 0.53 
selection intensity 2.93 2.60 2.46 2.39 - 
expected intensity 3.17 2.67 2.46 2.42 - 
NS EBV selection differential 6.14 6.42 6.20 5.76 0.32 
selection intensity 1.54 1.68 1.68 1.61 - 
expected intensity 1.58 1.61 1.72 1.86 - 
Sow EBV selection differential 4.69 5.04 5.135 4.931 4.90 0.17 
selection intensity 1.18 1.32 1.39 1.38 1.39 - 
expected intensity 1.49 1.49 1.49 1.49 1.49 - 
Average selection intensity 1.54 1.66 1.84 1.95 1.96 - 
Average k value 0.80 0.82 0.84 0.85 0.86 - 
Inbreeding in year 10 0.25 0.18 0.18 0.18 0.20 0.02 
Prediction GTBV 7.071 7.071 7.071 7.071 7.071 - 
* 
TBV 6.498 6.402 6.375 6.352 6.347 - 
5.627 5.797 5.773 5.752 5.677 - 
Response predicted 58.89 60.56 68.02 72.72 72.14 - 
observed 57.51 61.14 67.13 70.21 67.65 0.67 
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CHAPTER 4: Estimation and Robustness of Genetic Trend 
4.1 Introduction 
The success of any animal breeding scheme or selection programme can be assessed in terms of 
the permanent genetic improvement of the stock. This improvement is carried out through the 
selection of those animals deemed to be superior for a given trait or combination of traits of 
interest. The superiority of the chosen animals may be measured either in terms of phenotypic or, 
increasingly, predicted genetic merit. An optimum way of selecting animals is through a 
prediction of their genetic merit or estimated breeding value (EBV), which can be achieved using 
a best linear unbiased predictor (BLUP) (Henderson, 1973). The use of BLUP has two main 
advantages in breeding value prediction. First, fixed and random effects are estimated 
simultaneously so that non contemporary animals can be compared. Second, with an animal 
model account is taken of all the available family information, thereby increasing the accuracy of 
selection especially for a low heritability trait such as litter size. In order, however, to estimate 
the breeding value of an individual, the parameters describing the genetic and environmental 
variance components of the population are needed. These parameters are usually also estimates 
and it is therefore important to establish just how dependent are the EBVs, and hence the 
selection decisions and responses, on the accuracy of the parameter estimates used in their 
evaluation. 
It has been demonstrated (Thompson, 197) that trends in EBV are affected by altering the 
variance components used in their evaluation. The general rule is that EBVs are inflated when 
the heritability used in the evaluation is too high as the additive genetic contribution is 
overestimated. Questions though still remain on the effect of incorrect parameter use: Do 
predictions for the same data set but with various parameter combinations vary (greatly) in the 
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rank order of the animals? What is the correlation between individual EBVs between schemes? 
Are any differences between predictions accumulating over time? 
The aim of this analysis was twofold: firstly to estimate the genetic trend in breeding values for a 
population under selection, a commercial pig dam line Group Nucleus population, and secondly 
to assess the robustness of these, or similar calculations, to inaccurate parameter input. The 
parameters used in a BLUP selection procedure could either be gathered from the literature, 
estimated from a small data set or estimated using a simplified model. The fit, therefore, of these 
parameters to the data may be far from perfect, and hence the genetic evaluations biased. In order 
to assess and quantify the effect of incorrect parameter input for a single trait on differences in 
estimated breeding values, two different methods of analyses were undertaken. The first method 
was to evaluate genetic trends with real data and several parameter estimates of varying 
accuracy. The evaluations were then assessed in terms of correlations between the resultant 
EBVs and the ranking of the animals. The second method used was to monitor the progress of 
several replicate lines under selection but with different parameter inputs used in the BLUP 
evaluations. This was achieved by the use of Monte Carlo simulation, and the rates of progress 
for both true (simulated) and estimated breeding values were monitored. Comparisons between 
schemes were made in terms of the progress achieved, as calculated from the true breeding value. 
A feature of BLUP with the animal model is that in selection for a low heritability trait the 
weighting given to family information is large. Hence, as the heritability of the trait decreases, 
there is more coselection of relatives and hence higher rates of inbreeding. An example from 
Chapter 3 illustrates this. The rate of inbreeding was compared for two schemes of the same 
size differing only in the heritability of the selected trait, one scheme with a heritability of 0.5 
and the other with a heritability of 0.1. The rate of inbreeding in the low heritability scheme was 
double that in the high and, although not a general rule, it does provide an indication of the effect 
of heritability on inbreeding. Provisionally, therefore, it would be expected that evaluating and 
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selecting a population with an artificially upwards biased hertiabilty estimate would yield slightly 
lower responses, and substantially lower rates of inbreeding. The possible application of an 
artificially raised hertiabilty estimate as a breeding strategy for minimising rates of inbreeding 
was evaluated by comparing it to a strategy of restricting the contribution of each family. 
4.2 Materials and methods 
Data were available to estimate genetic trends from a commercial dam line Group Nucleus for the 
production traits measured on offspring and a reproduction trait, litter size, recorded on the 
dams. The programme PEST (Groeneveld et aL, 1990) was used for all the animal model BLUP 
(Henderson, 1973) evaluations, with the parameter estimates obtained from a REML (Patterson 
& Thompson, 1971) analysis of the data. Genetic trends were calculated using both univariate 
and multivariate methods. Data were available for six production traits: pretest gain, daily gain 
and four ultrasonic fat depths (C, K, S and L), and for litter size. A full description of the data is 
given in Chapter 2, but neither production data set (1 and 2) presented previously was thought to 
span a long enough time period to include much of the essential parent-offspring information 
needed to estimate genetic trends. The data sets were therefore combined to increase the amount 
of information. 
4.2.2 Statistical methodology for estimating genetic trends 
The estimation of genetic trend for all traits was carried out by plotting the mean monthly EBV 
against time. To plot trends in reproductive performance only first parity records were used for 
the litter size analyses. In order to do this the following procedure was adopted. 
Univariate analyses 1. There were heterogeneous farm by time variances for the production 
data. To correct for differences in variances, the data were scaled by the appropriate herd by year 
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standard deviation after fitting the relevant fixed effects (table 4.1) (Hill, 1974) (see Chapter 2). 
No such differences occurred for litter size. 2. Phenotypic and genetic variance components were 
evaluated using DFREML (Meyer, 1988) and these variance components are presented in table 
4.2. The following models were fitted to the production (1) and reproduction (2) data respectively 
for both the animal model REML and BLUP analyses (and follow the procedures set out in 
Chapter 2): 
yZa+Xb+Wc+e 	 (1) 
yZa+Xb +e 
	 (2) 
where y is the vector of records; X is the incidence matrix of fixed effects, those fitted for model 
(1) included sex, parity, litter size and farm by year by month and those for model (2) included 
service (AT or natural), size of litter in which the sow was born (7 classes; litter size 1-8 = code 1, 
litters of 9-13 coded 2-6, and all litters of 14 and above coded 7), and farm by year by month; Z, 
W are incidence matrices of random effects; b is the vector of fixed effects; a is the vector of 
random additive genetic effects; c is the vector of common litter effects; and e is the vector of 
random errors. 3. All animals were assigned to a monthly time group according to their starting 
date on test for production traits, or date of farrowing for litter size. 4. An animal model BLUP 
evaluation was undertaken using PEST (Groeneveld et aL, 1990) fitting models (1) and (2) for 
the production and reproduction traits respectively. 5. Group means were calculated for each 
monthly time group. For the production traits (1) the group means were re-inflated using the 
appropriate mean herd by year residual standard deviation so that rates of response could be 
presented in real units. 6. Monthly group mean versus month on test were plotted for all traits. A 
regression line was fitted and the slope of the line yielded the rate per month, to which the annual 
rate was simply estimated as twelve times the regression coefficient. 
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Multivariate analysis. Steps 1 to 6 were undertaken and all production traits evaluated 
simultaneously. In order to evaluate a multiple trait BLUP a non-positive definite matrix is 
needed. The genetic covariance matrix obtained through the multivariate DFREML method of 
Thompson and Hill (1990) (table 4.3) had, however, an associated small negative eigenvalue. 
Although the eigenvalues obtained from REML are bounded at zero due to problems with 
convergence an average matrix obtained over several iterates had been used. Therefore the 
matrix was recomputed, bounding the eigenvalues by zero. This was achieved by decomposing 
the matrix into its eigenvalues and vectors, and replacing the small negative eigenvalue by zero 
before recomputing the matrix. 
4.2.3 Assessment of robustness of EBVs 
In the second part of the analysis the influence of the BLUP evaluation on the robustness of the 
predicted selection response was tested. Incorrect EBVs will lead to either overpredicting or 
underpredicting responses, but will have little lasting effect on the rate of response provided the 
animals rank similarly for different variance ratios. Differential ranking would lead to the 
possibility of suboptimal selection. Two different methods were used in order to assess the 
robustness of EBVs to incorrect parameter use, to assess if differences in selection decisions 
occurred and to check whether they were cumulative. 
Assessment of incorrect parameter use with actual data. From the available data a single trait, 
pretest gain, was chosen and EBVs computed using the additive variance obtained through 
REML estimation. The animals were then evaluated by BLUP and ranked. The next step was to 
repeat the analysis but replacing the estimated additive variance with alternative (incorrect) 
additive genetic variances, and in so doing changing the heritability of the trait. 	The animals 
were then ranked according to their EBVs and comparisons between different analyses made. 
Analyses were carried out within only a narrow band of heritabilities as large discrepancies 
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between true and estimated variances should then occur rarely and be of less general importance. 
In order to assess if differential ranking occurred, rank correlations between the different sets of 
EBVs were calculated. Comparisons could then be made relating a change in variance to a 
change in rank correlation. 
A simulation to determine if incorrect parameter use has a cumulative effect. The second 
method of analysis was to use a Monte Carlo simulation to investigate if an incorrect heritability 
(additive variance) on a single trait had any substantial effect on the selection of animals through 
differential ranking of animals and hence on the rates of response to selection. Selection was 
carried out over a ten year period to allow any differences between schemes to accumuh1,  
population was based on that used in Chapter 3. In summary, the population consisted of four 
herds of 25 sows each linked together by 100 % Al, with each sow farrowing twice a year and 
having two piglets per litter. 
The advantage of a simulation is that by both simulating and evaluating a breeding value for each 
animal both a true value (TBV) dependent only on the population parameters and estimated 
breeding value (EBV) dependent on a prediction of the population parameters can be observed. 
From these statistics it was possible to monitor the effect of incorrect parameter use over a fixed 
time period of ten years. 
4.2.4 An application of artificially raised EBVs in breeding program design 
One of the main features of the Group Nucleus breeding scheme is the use of BLTJP to predict 
breeding values, yet the high weighting given to litter size in such a dam line coupled with its low 
heritability could result in high levels of inbreeding if left unchecked in a small population. To 
minimise levels of inbreeding CPDC uses a method of restricted family contribution, evaluating 
all individuals but enforcing an upper limit to the number of family members contributing to the 
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next generation. A restriction on family contribution was simulated by limiting only one member 
of each litter to contribute to the next generation. A proposed alternative to this is to deliberately 
evaluate all animals with an artificially raised heritability estimate. In theory this technique 
reduces weighting given to family contribution towards the individual EBV. Rates of inbreeding 
and response were compared for the aforementioned methods of evaluation, along with EBV (no 
restrictions) and mass(phenotypic) selection. The population structure was identical to that 
used in the previous section. 
4.3 Results 
Estimation of genetic trend. The trends in breeding values for a commercial pig nucleus over a 
40 month period from May 1988 were obtained for the six production traits, pretest and daily 
gain and the ultrasonic fat measurements (C, K, S and L) (graph 4.1), and for litter size. The 
parameter estimates used in the evaluation are presented in tables 4.2 and 4.3. The breeding goal 
for this dam line population gave roughly equal weighting to production and reproduction traits. 
The regression coefficient, therefore, for both daily gain and litter size would be expected to be 
positive, whilst for the ultrasonic fat measurements the aim would be a negative trend. The annual 
regression equations are presented below in the form y = ax + b, where a is the trait mean at the 
intercept and b is the annual improvement: 
Univariate analysis R2 (%) Multivariate analysis R2 (%) 
pretest gain g/day 	445 + 0.6 year 24 pretest gain g/day = 443 + 1.4 year 29 
daily gain g/day = 815 + 2.1 year 37 daily gain 	g/day = 816 + 1.6 year 34 
fat C mm = 11.2 + 0.001 year 0.2 fat C mm = 11.3 - 0.008 year 5.0 
fat Smm =33.1+0.003 year 0.7 fat Snun =33.1-.O.007year 1.3 
fat K mm = 12.7 + 0.006 year 1.7 fat K mm = 12.8 - 0.007 year 5.6 
fat Lmm. =13.4+0.O04year 4.1 fat Lmin =13.4-0.Ol2year 12 
litter size = 10.3 + 0.007 year 0.0 
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From the results of both the multivariate and univariate analyses it can be seen that no discernible 
responses have been obtained for any of the traits, with a range of responses from 0.1 % to 0.3 % 
of the mean per year. The low R2  of the regressions for the ultrasonic fat measurements obtained 
through the univanate analyses and for litter size indicates the poor fit of the model of linear 
improvement to the data, although the results from the multivariate analysis gave a slightly better 
fit. So, although the coefficients of annual response for the fat depths are positive when they 
might have been expected to be negative, they are not significantly different from zero. The daily 
gains do, however, show some small positive improvements at an annual rate of improvement of 
a quarter of a percent of the mean per year. The responses in all traits are low compared to 
predictions; for example Smith (1984) predicted an annual response of 2.7 % for daily gain in 
pigs. 
Assessment of robustness of genetic trend. A series of BLUP evaluations, each with a 
different additive genetic variance component, was carried out on the same set of real pre-test 
gain data, and consequently several sets of EBVs obtained. The individual EBVs for pre-test 
gain were then compared across schemes as an ordinary correlation between EBVs and as a rank 
correlation (table 4.4). These correlations were calculated on a subset of the data (Chapter 2 
data set 2) in order to limit the number of non-contemporary animals in the evaluation as 
selection decisions are largely made between contemporary animals. 
The general observation is that all rank correlations are very high. For example twofold 
inaccuracies in additive genetic variance estimation change the rank order by only some 2 %. It 
can, therefore, be concluded that for a single trait the true response is largely unaffected by 
changes in parameter input for the rankings of the animals are fairly constant for a range of 
parameter inputs. It is worth noting, however, that although the true response is largely 
unaffected by inaccurate input, the predicted responses obtained from BLUP, which are likely to 
be the measure available to the breeder, are biased. 
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The simulation study was undertaken as an extension of the previous analysis to assess the 
cumulative effect of inaccurate parameter use. The trends in EBV and true breeding value 
(TBV) over successive rounds of selection on EBV are presented in graph 4.2. It is striking 
how different are the graphs for different values of estimated variance components. Altering these 
had little effect on true responses but large effects on the predicted responses. True responses 
were robust over many rounds of selection for the cases studied. It might be suspected that little 
has changed within the population as, quite regardless of BLUP, responses are maintained. By 
looking from a different perspective and including information on the rates of inbreeding a 
clearer picture emerges, for if the additive genetic variance component is artificially biased 
upwards (increased heritability) the rate of inbreeding is lowered. This effect forms the basis of 
the final analysis. 
An application of artificially raised EBVs in breeding program design. To reduce 
inbreeding it was proposed that selection using a heritability which was artificially raised would 
yield lower rates of inbreeding. An optimum balance between inbreeding and selection might 
then be achieved by simply raising the heritability. The aim of the analysis was to determine an 
optimum artificially raised scheme from the many different possible variance ratios that can be 
used to form ?. (Ye/Va). Two heritabilities were considered and the results presented in graph 
4.3. Looking at both graphs a common trend can be distinguished; the rates of inbreeding are 
dependent not on the true heritability of the trait but on the heritability used in the selection 
procedure. When the true heritability is low (h2 10 %) the response is very flat across all but the 
very lowest values of X. The higher true heritability (h2 50 %) graph is more peaked with 
reductions in response as 2. moves away from the estimated value. In both cases differences in 
response are less than those in inbreeding, but, when the true heritability is high the advantage of 
altering the genetic parameters may be marginal as rates of inbreeding are already low and loss of 
response is more significant. An optimum can be set but it will very much depend on the 
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heritability of the trait and the perceived risks from inbreeding. It is, however, proposed that 
when X is increased by a factor of 8 an optimal combination of response and inbreeding are 
achieved. For the high true heritability case this would utilise X = 64, which is essentially 
individual selection whilst accounting for fixed effects. 
Comparisons of the artificially raised BLUP, restricted family contribution BLUP, normal 
BLUP and mass selection schemes were made for rates of response (table 4.5) and rates of 
inbreeding (table 4.6). No differences in response could be detected among all the BLUP 
schemes. For truncation selection on phenotype the responses were substantially lower for 10% 
heritability (329/6) and noticeably lower for 50% heritability (9%). It would be expected that this 
disadvantage would increase as the magnitude of the fixed effects increased. The use of an 
artificially raised heritability reduced inbreeding by proportions 0.43 (h2 10 %) and 0.33 (h2 50 
%) compared to normal BLUP. A similar trend was observed with the restricted family 
contribution method which reduced inbreeding by 0.35 and 0.14 for 10 and 50 % heritability, 
respectively. Mass selection gave the lowest rates of inbreeding but the very poor rates of 
response effectively rule out its use as an efficient selection method, especially for lower 
heritability traits. 
4.4 Discussion 
Estimation of genetic trend. The results from the data analyses indicate that, for a commercial 
population, response to selection in any one trait may be slight and lower than those predicted by 
Smith (1984). Cameron et aL (1990) has also analysed average daily gain in a commercial pig 
nucleus, reporting a response of 1.44 % of the mean per annum, which is contrast to the 0.25 % 
presented here. Furthermore, the low heritability obtained in this study for average daily gain and 
subsequently used for the trend estimation was lower than the 0.46 reported by Cameron et aL 
(1990). It is therefore suggested that the low estimates of genetic progress obtained are a direct 
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consequence of the low parameter estimates for the traits analysed (Chapter 2); this idea is 
developed in the subsequent paragraphs. Other contributing factors to the low responses fall into 
two categories. Firstly, the selection intensities that can be achieved in any one trait may be 
limited; as many traits are included in the index response in any one trait may be small, a fact 
exacerbated for traits which are lowly heritable and with low economic weighting. Secondly, 
selection differentials are reduced by the practical application of the scheme. There is 
undoubtedly a reduction in selection differentials for a variety of reasons such as culling on 
conformation (Webb et aL, 1991), and limited selection pressures as a consequence of the 
expansion of the nucleus over the time period. Although it was unexpected to find so little 
predicted progress it has been possible to identify several (aforementioned) areas of concern, 
moreover no negative trends were observed. Analysis of more current data, when the scheme has 
been well established, would be beneficial in pinpointing specific problems which are not an 
artefact of the initial implementation. 
Assessment of robustness of genetic trend. The response to selection obtained by BLUP was 
shown to be heavily dependent on the parameter estimates used in the evaluation. The question of 
interest, however, was whether the low estimates of genetic parameters obtained compared to 
other studies (Cameron et aL, 1990; MacLaren et aL, 1990; van Steenbergen et aL, 1990) affect 
the true rates of response (Thompson, 1976). Specifically, does a poor estimate of a heritability, 
due for example to a high measurement error, seriously effect the response to selection for that 
trait? The results from both the simulation and the real data study indicate that quite large 
changes in heritability do leave the true responses unaffected. It is, therefore, possible that minor 
inaccuracies in parameter estimation and input will do little to lower the true responses obtained. 
In contrast, however, monitoring of the response is dependent on those parameters used and as 
such is dependent on accurate parameter estimates. 
Methods to optimise both responses and inbreeding. Selection in a small closed population, 
such as a pig nucleus, for a low heritability trait can result in a significant amount of inbreeding 
if selection decisions are left unchecked (Bichard & David, 1984). In particular, as high rates of 
inbreeding are expected for low heritability traits such as litter size (Avalos, 1985; Haley et aL, 
1986) when selection is by family index (Robertson, 1961; Burrows, 1984) or BLUP (Toro et 
aL, 1988; Belonsky & Kennedy, 1988; Wray, 1989). The effects of inbreeding include reduced 
fitness of individuals and the lowering of responses through the reduction of additive genetic 
variance (Falconer, 1981). With particular regard to litter size, Toro et aL (1988) report a 
reduction of 0.2 piglets for a 10% increase in inbreeding, which is in line with other literature 
(Hill & Webb, 1982). Avoidance of inbreeding depression is, therefore, a priority 
commercial nucleus population if it is to be commercially viable (Webb, 1982). 
The two schemes assessed, artificially raised heritability BLUP and the restricted family 
contribution used by CPDC, provide suitable methods to reduce inbreeding whilst maintaining 
responses, with the artificially raised heritability BLT.JP method giving the lower rates of 
inbreeding. An interesting feature of the analysis is the similarity of the two schemes in their 
effects on response and inbreeding, which is attributable to their limitation of family 
contribution. It is proposed that the reason artificially raised heritability BLUP method results 
in lower rates of inbreeding than restricted family contribution with the minimum of only one 
family member per litter contributing to the next generation, is that a wide range of within family 
correlations are reduced, such as those between parents and sibs, so that not only are sib 
contributions limited but so are those from family members of different generations. 
4.5 Conclusions 
The low rates of response obtained in the pig breeding programme analysed are mainly due to a 
combination of both low intensities of selection and low additive variances or heritabilities. 
Although the responses are disappointing, the long term effects may not be limited if the 
selection intensities can be raised and moreover, the results from both the simulation and data 
analyses suggest that responses to selection are robust to incorrect parameter input. Therefore, 
despite low predicted responses the true achievement may be higher than reported. In contrast to 
the robust responses rates of inbreeding are sensitive to parameter input. There is, therefore, 
scope for altering selection decisions over a longer time period using higher heritability estimates 
to reduce inbreeding, in effect using BLUF solely to estimate fixed and random effects and then 
according a lower family weighting in an index. Artificially raised BLTJP provides an effective 
method to reduce inbreeding with the practical consideration that selection for response and 







Graph 4.1 Realised rates of response for the standardised (scaled by the appropriate phenotypic 
standard deviation) production traits of pretest gain (PTG), daily gain and ultrasonic fat (C, K, S. 
and L) for the complete data set over a 40 month period. 
F& C 	 Po L 
-0.5 
0 10 20 30 40 
time 
do  lygain 
-0.5 1 
0 10 20 30 40 
time 
PI 9 
.0.51 	j 	 1 
0 10 20 30 40 
time 
PoLK 
-0.51 	I 	 I 	 1 















23 45 67 
year 
Graph 4.2 Range of simulated rates of response for both true and estimated breeding values, 
obtained through a series of BLUF evaluations using several different estimated additive variance 
°A (10, 20 and 40 units) components corresponding to heritabilities 0.05, 0.1 and 0.18 
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Graph 4.3 Simulated mean values, in year 10, of inbreeding (x 10) and actual response after 20 
successive rounds of EBV selection, for a range of variance components ( 2E/ 2A: ). 
Evaluations were undertaken for both a moderate (0.5) and low (0.1) true heritability. 
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Table 4.1 The residual phenotypic standard deviations, after fitting significant fixed effects, for 
pretest gain (PTG, g/day), daily gain (DG, g/day) and ultrasonic fat (C, K, S, and L, mm) for each 
farm (A to K) by year group for the complete performance data set. 
Trait Year A B C D E F G J K 
PTGg/day 88 52.7 60.6 51.1 55.2 54.5 53.0 44.8 
89 50.9 52.3 45.4 46.2 53.5 49.6 
90 50.0 50.9 51.0 50.3 56.4 51.5 38.5 
DG g/day 88 90.0 124 119 102 166 111 123 
89 92.6 114 112 88.0 124 166 
90 108 117 114 90.4 122 90.0 99.3 
Fat Cnun 88 1.64 1.10 1.16 1.41 2.48 1.90 1.57 
89 1.57 1.73 0.91 1.91 2.19 2.13 
90 1.68 2.13 1.32 2.41 2.33 1.64 1.78 
Fat S mm 88 1.76 1.55 2.89 3.18 3.27 3.34 3.78 
89 2.04 2.79 1.60 3.42 3.88 3.81 
90 4.21 4.01 2.38 3.84 3.70 3.12 2.87 
Fat Kmm 88 1.72 1.17 1.92 1.48 2.95 2.28 1.80 
89 1.68 1.79 1.26 1.92 2.37 1.93 
90 1.72 2.33 1.61 2.37 2.49 1.65 1.76 
Fat Lmm 88 1.63 1.34 2.38 1.64 3.36 2.52 1.68 
89 1.54 1.85 1.23 2.37 2.37 1.65 
90 2.06 2.56 1.78 2.89 2.73 1.59 1.97 
Number of 88 1737 664 743 293 1151 988 304 
Observations 89 1625 693 894 1081 423 830 
90 1557 1311 1 	934 1 	1772 1 	948 1 	529 107 
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Table 4.2 Univariate estimates of variance components. additive (a*),  common litter (cr2c),  error 
(a2E), and phenotypic (2),  heritabilities and common litter effects for the complete 
performance data set (model 1) of pretest gain (PTG, g/day), daily gain (DG, g/day), ultrasonic fat 
(C, K, S, and L, mm) and for litter size (model 2) through DFREML, with the animal model, and 
used for the calculation of EBVs by univariate BLUP analyses. 
Trait PTG DG fat C fat K fat S fat L litter size 
0.16 0.08 0.08 0.10 0.06 0.05 0.26 
0.16 0.08 0.09 0.08 0.06 0.07 
U2 0.63 0.77 0.66 0.64 0.73 0.69 6.34 E 
a2 
P 0.95 0.93 0.83 0.82 0.85 0.81 6.60 
h2  0.17 0.08 0.09 0.12 0.07 0.06 0.04 
C2  0.16 0.08 0.11 0.10 0.07 0.08 
Table 4.3 Multivariate estimates of heritabilities (on diagonal), genetic correlations (above) and 
phenotypic (below) obtained for the complete performance data set (model 1) for pretest gain 
(PTG, g/day), daily gain (DG, g/day) and ultrasonic fat (C, K, S, and L, mm) through DFREv1L, 
with the animal model, and used for the calculation of EBVs by multivariate BLUP analysis. 
trait PTG DG Fat C Fat K Fat S Fat L 
PTG 0.19 0.23 -0.19 -0.08 -0.14 -0.31 
DG -0.08 0.08 -0.27 -0.22 -0.23 -.025 
Fat  0.01 0.10 0.10 1.00 0.87 0.94 
Fat  0.03 0.87 0.87 0.12 0.84 0.83 
Fat S 0.05 0.45 0.45 0.47 0.07 0.96 
Fat  0.02 0.66 0.66 1 	0.67 0.45 0.07 
Table 4.4 Estimation of ordinary correlations between EBVs for pretest gain or rank correlations 
obtained under three (the real and two incorrectly "estimated') variance component inputs; Cy2 A = 
0.21, 0.105, 0.42. 
ordinary correlations rank correlations 
a2 
A 0.210 0.420 0.210 0.420 
0.105 0.989 0.952 0.105 0.987 0.947 
0.420 0.980 0.420 0.985 
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Table 4.5 Comparisons of mean response (TBV) for a single trait obtained through simulation 
for a range of schemes: BLUP with no restriction, an example of an artificially raised BLIJP (AR) 
method (a range of values are presented in Graph 4.3), restricted family contribution (RFC), and 
mass selection (MASS), for a low and moderate heritability, 0.1 and 0.5, respectively. The 
maximum standard error is 0.35. 
Low h2 Moderate h2 
generation BLUP AR RFC MASS BLUP AR 	I RFC MASS 
Mean level of response Mean level of response 
1 -0.07 0.04 0.13 	0.19 0.14 	0.70 	-1.48 	-0.42 
2 -0.14 0.23 -0.47 -0.02 0.07 	0.08 	0.13 	-0.25 
5 2.05 2.03 1.63 1.65 8.91 8.50 8.00 	8.73 
10 6.12 5.58 4.84 3.92 23.21 21.64 20.94 20.68 
15 9.69 9.13 8.16 6.36 35.41 34.00 32.96 32.41 
20 12.90 12.61 11.16 8.79 47.83 45.88 45.09 43.53 
Table 4.6 Comparison of level of inbreeding for a single trait obtained through simulation for a 
range of schemes: BLUP with no restriction, an example of an artificially raised BLUP (AR) 
method (a range of values are presented in Graph 4.3), restricted family contribution R.FC), and 
mass selection (ivL&SS), for a low and moderate heritability, 0.1 and 0.5, respectively. The 
maximum standard error is 0.02. 
Low h2 Moderate h2 
generation BLUP AR 	RFC MASS BLUP AR RFC 	MASS 
Mean level of inbreeding Mean level of inbreeding 
1 0.00 0.00 0.00 	0.00 0.00 0.00 0.00 0.00 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
10 0.09 0.05 0.05 0.03 0.07 0.04 0.06 0.04 
15 0.16 0.09 0.11 0.06 0.11 0.07 	0.11 0.07 
20 0.23 0.13 0.15 0.09 0.15 0.10 	0.13 0.10 
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CHAPTER 5: Alternative selection procedures for a Group Nucleus 
5.1 Introduction 
An important aspect of animal improvement is the correct identification of those individuals with 
superior genetic merit, a superiority that may be expressed in terms of production and measured 
by a period of performance testing. Testing to accurately assess merit, however, can be a costly 
component of improvement. In order to reduce costs it could be beneficial to predict genetic 
worth and either preselect animals prior to test or indirectly select them using an alternative 
(cheaper) measure of potential. The theory for selection at two stages was set out by Dickerson 
and Hazel (1944), with the mathematics of the system described by Cochran (1951) and 
Cunningham (1975); the theory for indirect selection is set out by Falconer (1981). Accurate 
preselection is aided by the use of ancestral information or a second trait expressed in early life 
with a high correlation to the breeding objective, or a combination of the two. The effectiveness 
of ancestral information, for example the mean parental value, is dependent on the accuracy of 
the selection and is constrained to family information as no distinction can be drawn between full 
sibs. Response through selection on a trait correlated to the breeding goal is dependent on the 
magnitude of the coheritability (rAhlh2), and can be used for either indirect or preselection, 
when the intensity of first stage selection also influences response. An advantage of these latter 
two methods is that prediction, and hence selection, can be made at the individual level and as 
such is not limited to between family selection. 
The Group Nucleus is a scheme in which there is a substantial number of potential offspring to 
be tested. For example, 1200 sows can produce 2.2 litters a year of 10.3 piglets (Chapter 2) 
which with both sexes tested would result in excess of 24000 animals on test per annum. Even 
within a system where the farrowing and testing of these animals is practised continuously 
throughout the year considerable resources would be needed. It is not possible in this situation 
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to simply select parents more intensely to reduce offspring numbers as these offspring are needed 
to fulfil the role of the nucleus as a purebred multiplier. An initial aim of this chapter was, 
therefore, to determine the relationship between proportion preselected on mean parental 
estimated breeding value and the response to overall selection achieved. Testing resources, 
however, tend to be fixed over the short term and therefore two stage selection was optimised 
within the present CPDC target for offspring from the dam line Group Nucleus going on test. 
The allocation of these test places was investigated for both the number of families and the ratio 
of boars to gilts on test. Additionally, the use of a pretest measurement to preselect animals for 
gain on test was evaluated. An example of such a measurement is pretest gain (birth to 95 kg), 
which has a high genetic correlation of 0.55 (Chapter 2) with gain on test. Finally, as an 
alternative to prior selection, an application of indirect selection is highlighted as an example. 
5.2 Materials and methods 
A Group Nucleus population was modelled by stochastic simulation with selection at two stages, 
the preselection being on either mean parental breeding value or a second trait. A multivariate 
animal model BLUP routine, PEST (Groeneveld et al, 1990), was used to give unbiased 
predicted breeding values when the two traits were estimated simultaneously. The traits were 
assumed to be genetically correlated and each to follow the infinitesimal model, being controlled 
by many unlinked additive loci each of very small effect (Bulnier, 1980). The phenotype was 
constructed for each trait as follows: 
y = Xb ± Za ± Wc ± e 
where, y = trait measurement, X = incidence matrix of fixed effects (semi-annual farm effect), Z, 
= incidence matrices of random effects, b = vector of fixed effects, a = vector of random 
animal effects, c = vector of random litter effects, e = vector of random errors. 
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The true breeding value (TBV) for each individual in the base population was created as 
YBVb e  and distributed as N (0, a A2).  a normal distribution with mean = 0, and variance 
the additive genetic variance. All base animals were assumed to be unrelated, implying Fb e 
0, and for subsequent generations the true breeding values were TBVoffspthig (TBVcjre ± 
± 4); where  4) is a Mendelian term sampled from N(0,(l - (Fsire + Fm)!2)aA2  /2), 
and F0ffg was calculated from coancestry information. Litter and error effects were sampled 
from N (0,o2)  and N (0,o2),  respectively, where o2  and a 2  are the corresponding variances. 
The correlation (p) between component vectors (e.g. afraiti  and  atrait2)  of the trait was made by 
transforming the vectors x and  sampled from independent Normal distributions with mean = 0, 
and variance = 1, thus 
atraiti = x 
atrait2 = p* x + (l-p2) *y 
and which were then scaled to give an additive genetic variance of aA2.  The additive genetic 
correlation was maintained each generation by also sampling the Mendelian terms from a 
bivariate Normal distribution. The correlation between the additive genetic components was 
specified in the simulation, but to restrict the number of variables correlations between traits of 
both the common litter and residual components were set to zero. 
Due to the different computing constraints of the various analyses one of two alternative 
population sizes was used: The analyses with selection on a single trait (i.e. selection on mean 
parental breeding value) were based on a single nucleus population containing 100 sows served 
by 10 boars, with 5 male and 5 female piglets per litter and two farrowings a year for five years. 
With selection on two traits, however a (smaller) single nucleus population containing 50 sows 
served by 10 boars was used, with 2 male and 2 female piglets per litter and two farrowings a 
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year, with selection over five years. The efficiency of two stage selection was assessed by 
comparison with a similar scheme in which the same intensity of selection was carried out in the 
final (testing) stage and all animals were preselected, effectively single stage selection. The 
results are therefore expressed as a proportion of that gained through single stage selection. 
In order to address some of the relevant questions associated with two stage selection in a pig 
nucleus several distinct schemes were investigated. Alteration of the proportion selected at first 
stage was modelled, with the preselection carried out on pedigree information using the average 
breeding value of the sire and dam of the litter. Of the thousand offspring born each generation 
100, 50, 25 and 10 % of the total number were selected for subsequent performance test. 
In the short term the number of test places is a fixed resource; at present CPDC can test 60 % of 
those animals born. The places available for the selected offspring were assigned by altering 
either the representation of families or of sexes. The effect of limiting family representation in 
the second stage of selection was investigated as the use of restricted family contribution was 
shown (Chapter 4) to be an efficient method to maintain response whilst reducing inbreeding. 
The allocation of family places has to be approached in an arbitrary fashion as it is difficult to 
assign natural cut off points because of the correlation between selection indices. Bondesson 
(1989) presents a method to optimise diversity and response similar to the present problem but 
assumes no correlations between indices. As selection differentials in males and females are 
quite different, testing of different numbers of each was investigated to assess the effect. 
An alternative method of prior selection of animals at the first stage is on estimated breeding 
value for a trait correlated to the breeding goal. The trait analysed, which is measurable on all 
animals before the beginning of test (3 months), allows a fixed proportion of the animals, in this 
case 60%, to be preselected. A range of coheritabilities were considered, the heritabilities used 
being 0. 1, 0.3 and 0. 5, with a range of genetic correlations from 0.1 to 0.7. 
5.3 Results 
The effect of altering the proportion of animals preselected to go on test. 
The responses to preselecting on pedigree information and testing different proportions of the 
offspring per generation are presented in table 5.1. A notable feature, is that the response is fairly 
insensitive to changes in first stage selection, preselecting up to 50% of animals for test lowered 
the response by only 6%. The same trend is observed for all the heritabilities investigated. The 
effect of preselection on inbreeding is more considerable (table 5.1), with a trend of increased 
inbreeding as preselection becomes more severe. 
Optimum allocation of test places within a fixed resource of 60% tested 
Over a short time period resources are fixed and therefore the aim of this analysis was to optimise 
allocation of test places within this restriction. The results from various preselection procedures 
based on the use of parental information each with a different allocation of animals were 
examined for a range of three different heritabilities, 0. 1, 0.3 and 0.5. 
In the simplest scheme (A) all the offspring from the top 60 % of litters were preselected. This 
yielded responses that were between 19 and 12 % lower than for single stage selection (table 
5.3). As would be expected, the ability to preselect animals efficiently is influenced by the 
heritability of the trait, with greater percentage response achieved with increasing heritability, i.e. 
81, 87 and 88 ?/o of response for single stage selection for heritabilities of 10, 30 and 50 % 
respectively. The rate of inbreeding is consistently lower than for single stage selection, but the 
reduction in inbreeding is of the same proportional magnitude as the drop in response. The 
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advantage, therefore, in using this scheme would be in terms of only the reduced costs of testing 
less animals. 
With the aim of maximising response whilst also limiting inbreeding by reducing family 
contribution to the next generation, the number of members from each full sib family going on to 
test was limited. This freed test places which could be allocated to animals from lower ranking 
litters. Two schemes were investigated in which litters were ranked and then split either into two 
groups (B) with 80% of pigs going on test from the top ranking litters and with the remaining test 
places made from the upper 20% of the lowest remaining litters, or into three groupings (C), in 
which all of the litter mates from the top third of litters were tested, 8 litter mates from the middle 
third and none from the bottom third. 
The results from schemes B and C are presented in table 5.3. Testing animals (2 males, 2 
females) from the worst 50 % of litters at the cost of not testing 10% of the best litters had little 
effect if the heritability was high and was a worse strategy at the lowest heritability. For scheme 
C where the number of sibs were tested according to a good (all tested), average (80 0/o)  or bad 
(none) litter ranking then a consistently efficient method of preselecting animals is observed. 
The rates of response are only 12 to 7 % lower than if all animals were tested, with rates of 
inbreeding consistent with testing all animals. Testing members from a greater range of families 
is an effective way of increasing responses with Scheme C, the most efficient method analysed. 
An alternative method for allocating test places was to alter the ratio of animals from each sex 
tested. All possible combinations of allocating the 6 test places per family between the two 
sexes were investigated (table 5.4). From the results it would seem that allocating extreme 
proportions of males to females on test is not an efficient strategy; a more moderate bias in the 
numbers of males to females may yield greater responses. The selection differentials indicate 
why this is the case as an increase in male selection intensity is at the cost of a reduction in 
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female (and vice versa), with the majority of these schemes having lower responses than with 
testing equal proportions of each sex. 
Optimum allocation of test places within a fixed resource of 60% tested by use of a 
correlated trait 
The results of the preselection on a correlated trait are presented in table 5.5. This method of 
two stage selection is shown to be an effective way to preselect animals only if the correlation 
between traits is high. The general trend is an increase in response in the primary trait with 
increasing secondary heritability which further increases when the correlation between the traits 
is high. Moreover, in order that several candidate traits could be evaluated it is proposed to rank 
the different coheritabilities. To this end a more formal approach is described combining the 
parameters and relating the response to the heritabilities and correlation between them by a linear 
regression of response on coheritability (rAhlh2) as: 
h12 of 0.1: response = 0.71 + 0.23 rAh7 
h12 of 0.3: response = 1.69+ 0.75 rAh2 
h12 of 0.5: response 2.53+ 1.00 r6,h2 
Discrepancies between the rankings of the schemes do occur, however, especially for the lowest 
primary heritability, where the rank correlation between response and coheritability is only 0.66. 
This can be due in part to very small differences in coheritabilities and hence expected response 
combined with the inability of the simulation to distinguish between them. Moreover, the final 
selection is on only one trait so that a higher coheritability may not always be the optimum 
solution especially when in prior selection weighting is given to relatives information. For 
example, if the final heritability is low with a high coheritability more unrelated animals will go 
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on test compared say to preselection on a lower heritability trait, as is born out by the clear trends 
in inbreeding for the various schemes (table 5.4). 
5.4 Discussion 
From the results it can be seen that moderate preselection on parental information can be carried 
out with minimal effects on response, but as preselection becomes more severe response is 
reduced and there is also an increased accumulation of inbreeding. This robustness of response 
over small changes in preselection intensities would indicate that the optimum amount of 
preselection will depend on the relative marginal costs and availability of testing places, which 
may differ between breeding organisations. The analysis of De Vries (1990), reporting a 3.5 % 
reduction in response with only 50 % of males tested, can be used to highlight these differential 
costs between organisations, as the negligible costs of testing females is in marked contrast to the 
UK where testing resources are often spread over both sexes. Furthermore, De Vries (1990) 
reports that the relative size of the nucleus to the rest of the pyramid is also important in 
determining an optimum. The justification for the use of a scheme can however be made in a cost 
benefit analysis accounting for gains versus cost per test place per year. Care must be taken to 
consider the intangible effects on areas such as sales associated with a scheme. Account can be 
taken, for instance, of the relative cost of test to grow out place, the additional labour in taking 
measurements, and changes in carcass value brought about through differential responses. 
The previous analysis was aimed at optimisation within a fixed number of farrowing and test 
places. If, however, the number of farrowing places could be increased compared to test places 
then a larger population could be selected. One advantage of a larger nucleus is that the untested 
animals could be used to breed the crossbred multipliers and hence remove a layer of lag 
(Bichard, 1971; Smith & Guy, 1981). The benefit of removing a stage in the pyramid of 
improvement can be substantial. This ability to furnish enough animals to produce the multiplier 
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stock whilst both minimising testing costs and maximising family information is an important 
third factor, together with BLUP and Al, in the ability to operate a Group Nucleus. 
The differences in level of inbreeding between schemes can be attributed to two factors. Firstly, 
preselection made on family information draws no distinction between sibs and leads to related 
animals going on test which are consequently available for selection. Secondly, as a consequence 
of sequential culling, a member of the herd was only replaced when a better individual became 
available, which occurred less frequently with more intense preselection (table 5.2). Hence with 
intense preselection fewer offspring are available for selection, and subsequently selected, with 
the result that animals tend to stay in the herd longer. Higher rates of inbreeding can, therefore, 
also be attributed to individuals making a greater contribution to the next generation by leaving 
more offspring. Furthermore, this effect increased as the initial selection intensity was increased, 
particularly for sows: 75% are two years old with 100% preselected and only 45°/h when only 
10% are preselected (table 5.2). 
In general, the use of a second trait in selecting individuals proved to be inferior to selection on 
mean parental value for most cases, except when the primary trait is poorly heritable and the 
coheritability is high. Trends in response for preselection on a correlated trait include increasing 
response with increasing correlation and maximum responses with high correlations. 
Accumulation of inbreeding is also affected by the coheritability, decreasing with increasing 
secondary heritability. However, preselection on a correlated trait has the advantage over 
selection on parental information that for poorly heritable traits the rate of inbreeding is reduced 
compared to the rate achieved with no prior selection. 
Predictions can be made within the data by relating response to coheritability, but the fit of the 
regression line is, however, far from perfect when the primary heritability is low due to the 
differences in ranking due to differential weighting being put on family information. The 
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response, however, with the highest possible coheritability gives a result not significantly 
different from that of no prior selection which can be rationalised as the limit to response for the 
primary trait, so that even with a high correlation and heritability allowing the 'best' animals to 
gain a test place it is not necessarily the best animals that are selected at end of test. 
The extra computation involved and the need for high coheritabilities means that, in general, 
selection on parental breeding value is a more favourable strategy for improvement. This 
distinction may, however, not be so clear cut when the preselection is more intense. Another 
factor to be considered with selection using a correlated trait is that this can result in genes 
favourable for both traits becoming fixed, which as they no longer contribute to the (co)variance 
will lead to changes in the genetic correlation (Falconer, 1981). 
Although formally optimum gains to selection can be made by utilising all information in an 
index of both pretest and daily gain a cheap alternative may be indirect selection on pretest gain, 
which can give higher responses than direct selection (Falconer, 1981), for example if similar 
selection intensities are achievable in both traits when h1< pAh2. Indeed it has been shown 
it will be limited by the final selection procedure, as previously that selection on a correlated tra  
even though all the 'best' animals are selected for test they are not subsequently selected as herd 
replacements. Furthermore, the limit to response is predicted to be that achieved by preselecting 
all animals, and as such is dependent on the heritability of the primary trait. By removing the 
constraint imposed by the primary heritability, therefore, responses can be increased beyond this 
limit. 
Example Assuming equal selection intensities in both traits and with a primary heritability (h12) 
of 0.1 and secondary heritability (h22) of 0.5 then it would be expected that response from 
indirect selection could exceed that for direct selection because of the greater accuracy of 
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selection, i.e. h1 (0.32) < PA h2 (0.35). Indirect selection gives the following results using the 
same population size as the earlier study of preselection on a correlated trait. 
selection method direct indirect PA=O.5 indirect PA=1 .0 
predicted accuracy 0.32 0.35 0.71 
observed accuracy 0.29 0.29 0.68 
response (units) 0.53 0.58 1.49 
inbreeding (t = 10) 0.13 0.11 0.11 
Hence, indirect selection with BLUP estimates of genetic merit does seem to be an effective 
method of selection and follows prediction. An additional benefit of selecting on a trait with a 
high heritability is that the rate of inbreeding is considerably lower, as low weighting is given to 
family information. The use of pretest gain (h22 = 0.24) to indirectly improve growth on test 
(h22 = 0.12), with a genetic correlation (PA)  of 0.55 between the two traits, would however be 
unlikely to exceed the responses achieved using direct selection as the difference m heritabilities 
is not great enough (Multivariate parameter estimates are presented in table 2.6). Equal 
intensities of selection in both traits, however, are not always achievable, for instance when one 
trait is expressed in only one sex. In this case the advantage of indirect selection increases so that 
selection in both sexes for an otherwise sex limited trait (often measurable only on the mature 
female) provides the second example. Provisionally the advantage would be expected as 
measurements are available on both sexes and moreover selection differentials can be greatly 
increased by selection of the boars and to a lesser but significant extent, the maiden guts. 
5.5 Conclusions 
For certain breeding schemes, such as the Group Nucleus, a large nucleus is needed to breed 
enough animals to produce the next level of the pyramid as well as nucleus replacements. The 
number of test places assigned to their offspring can however be reduced and responses 
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maintained. Untested animals can be used as multipliers, with the selection of these animals, if 
needed, possible on parental value. The advantages of two stage selection increase with 
heritability and schemes can be further optimised by testing a proportion of those predicted 
litters with both good and mediocre scores. Although preselection on parental information is 
effective there is an associated increase in inbreeding; conversely preselection on a higher 
heritability trait reduces inbreeding compared to no prior selection. An increase in response by 
using a correlated trait is observed only with very high coheritabilities, however, and moreover 
responses are limited by the heritability of the primary trait. A promising extension, therefore, is 
the use of a correlated trait for indirect selection, particularly for a sex limited trait. 
Table 5.1 The effect of preselection on on mean parental EBV on rates of response and 
inbreeding, averaged over time units 5 to 10, for a range of heritabilities expressed in absolute 
terms and as a percentage (%) of those for 1000 tested. The maximum standard errors are 0.50 
and 0.01 for AG and AF, respectively. 
-r number tested 	j AG AG% AF AF % 
0.1 1000 1.09 100 0.049 100 
500 0.99 94 0.045 116 
200 0.80 86 0.057 129 
100 0.65 63 0.061 139 
0.3 1000 2.14 100 0.053 100 
500 1.78 83 0.046 86 
100 1.07 50 0.063 118 
0.5 1000 3.48 100 0.034 100 
500 2.66 76 0.043 125 
100 1.79 51 0.062 182 
Table 5.2 An example of the effect of preselection on on mean parental EBV on the age 
structure of the population, for a trait with heritability 0.1. The figures presented are the 
percentage of animals of one sex at the age of 1, 1.5, 2 and 2.5 years. Any animals remaining 
after 2.5 years (4 parities) were culled. 
number tested age females age males 
1 1.5 	2 2.5 1 1.5 	2 2.5 
1000 75.2 20.4 3.2 1.2 62.8 17.8 2.8 1.8 
500 66.4 24.0 	6.9 2.6 63.2 15.2 	2.0 1.2 
200 62.7 26.9 7.8 2.7 60.2 18.6 4.2 1.8 
100 44.6 31.7 	16.7 6.9 51.6 23.4 	6.8 3.2 
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Table 5.3 Responses and genetic selection differentials averaged over time periods 5 to 10 and 
inbreeding at time 10 obtained after selecting 60 % of offspring for test places. Preselection is 
made on mean parental EBV with: all animals from the top 60 litters selected (A), with 80% of 
pigs going on test from the top ranking litters and with the remaining test places made from the 
upper 20% of the lowest remaining litters (B), or a three-way grouping (C) in which all of the 
litter mates from the top third of litters were tested, 80% of litter mates from the middle third and 
none from the bottom third. The maximum standard errors are 0.50, 0.02 and 0.80 for AG, F, and 
the genetic selection differential respectively. 
allocation h2 AG F genetic selection differential 
male female 
scheme  0.1 1.10 0.16 2.15 1.10 
0.3 2.56 0.14 5.21 2.75 
0.5 3.93 0.14 1 	7.15 4.13 
scheme B 0.1 1.04 0.18 2.00 1.17 
0.3 2.64 0.15 5.96 2.83 
0.5 4.00 0.12 7.70 4.54 
scheme C 0.1 1.19 0.19 2.93 1.32 
0.3 2.68 0.14 5.04 2.72 
0.5 4.13 1 	0.14 1 	8.52 4.12 
Table 5.4 Responses and genetic selection differentials averaged over time periods 5 to 10 and 
inbreeding at time 10 obtained after testing differential numbers of males and females. In all 
litters 6 out of 10 animals were tested. These test places were assigned either to 5, 4, 3, 2 or 1 of 
one sex within the litter with the remaining test places for the litter allocated to the other sex. The 
maximum standard errors are 0.50, 0.02 and 1.20 for AG, F, and the genetic selection differential 
respectively. 
allocation h2 AG F genetic selection differential 
male female 
I male S females 0.1 1.18 0.12 3.12 1.04 
0.3 2.29 0.09 6.63 2.16 
05 3.55 0.09 9.69 3.21 
2 males 4 females 0.1 1.14 0.14 2.84 1.35 
0.3 2.72 0.12 6.44 2.84 
0.5 3.63 0.07 9.65 4.22 
3 males 3females 0.1 1.19 0.15 2.70 1.41 
0.3 2.39 0.13 5.99 3.18 
3.96 0.09 9.16 4.71 
4 males 2 females 0.1 1.12 0.15 2.44 1.43 
0.3 2.47 0.12 5.42 3.37 
0 3.61 0.10 	j8.37 4.95 
5 males 1 female 0.1 1.24 0.17 2.42 1.59 
0.3 2.55 0.12 5.13 3.53 
0.5 3.75 0.09 7.54 5.31 
Table 5.5 The effect of preselecting  for test on a pretest measurement 60% of offspring on the 
rate of response (for the primary trait averaged over time periods 5 to 10) and mean level of 
inbreeding (in time period 10) for a range of coheritabilities (rh1h2); for comparison the rates 
obtained with selection with no prior selection (i.e. 100% tested) and on mean parental breeding 
value are also presented. Results obtained over 10 replicates, standard errors range from 0.01 to 
0.02 for F and 0.23 to 0.72 for AG. 
primary h2  preselection h2 no prior selection on 
selection parental EBV rA 0.1 0.3 0.5 
0.1 0.71 	0.14 0.77 	0.15 0.64 	0.12 0.96 	0.15 0.82 	0.17 
0.1 0.3 0.76 0.14 0.78 0.14 0.73 0.11 
0.5 0.77 	0.14 0.75 	0.12 0.80 	0.10 
0.7 0.75 0.13 0.78 0.11 0.85 0.11  
0.1 1.67 	0.11 1.73 	0.10 1.74 	0.09 2.10 	0.13 2.30 	0.14 
0.3 0.3 1.77 0.12 2.03 0.11 1.60 0.10 
0.5 1.76 	0.13 1.90 	0.12 2.07 	0.10 
0.7 1.91 0.11 1.93 0.11 2.02 0.10  
0.1 2.41 	0.10 2.67 	0.08 2.51 	0.10 2.95 	0.10 2.98 	0.11 
0.5 0.3 2.62 0.12 2.77 0.09 2.60 0.09 
0.5 2.86 	0.09 2.94 	0.09 2.87 	0.09 
0.7 2.85 0.11 2.82 0.09 3.04 0.09 
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CHAPTER 6: General Discussion 
The CPDC Group Nucleus is a scheme in which the breeding goal includes improvement of the 
low heritability trait, litter size, whilst low levels of inbreeding and optimum testing resources are 
maintained. Within commercial constraints and utilising BLUP, Al and multistage selection the 
large nucleus is located over several farms, supplying both the nucleus replacements and the 
purebred multipliers. Having previously drawn conclusions concerning specific aspects of the 
nucleus it is now intended to present a wider discussion on the design. 
Population Size and Structure 
A major advantage of concentrating resources in a nucleus population is that the breeder can 
exert a high level of control over the stock and moreover maximise the accuracy of measurements 
whilst minimising recording. The advantage of strict control is offset to some degree by the 
limited responses achievable with small population size. An optimum size should, however, exist 
as gains from increasing population size are neither limitless nor cheap, eventually yielding 
diminishing extra returns often at an increased cost, poorer accuracy and increased recording. 
The CPDC dam line Group Nucleus is a novel attempt to marry the advantages of large size and 
tight control. An additional and unavoidable complication arises, however, in that by utilising the 
available resources animals are displaced across several farms. Hence, whether the dispersal of 
the population hampers the nucleus from functioning as a large well controlled breeding 
population needs to be addressed. 
One of the key aspects of utilising several farms is the effect on response to selection of 
subdividing the population, be it either through altering the proportion Al or, for a constant 
population size, the size of contributing farms. For any breeding scheme it is important to be 
able to predict the possible shortfalls. An ideal method to do so, being both inexpensive and 
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accurate, is simulation. For the populations examined both changing the proportion AT and 
subdividing the sow population did little to affect the rate of response. The practical 
interpretation of this should be reassuring to the breeder. The robustness of responses to changes 
in either proportion Al or farm size would indicate that temporary reductions in either can be 
borne without a significant loss in response. In fact, as shown in table 6.1, levels of inbreeding 
are most markedly affected at the lowest (10%) proportion Al, an unlikely scenario in a 
commercial nucleus. In general, however, the responses would be expected to drop if both farm 
size and proportion Al were low on account of the lower selection intensities, reduced family 
information and higher rates of inbreeding. Furthermore, any differences in response between 
herd sizes decrease as the herds become larger and the selection intensities plateau. It is 
therefore proposed that the subdivision in the CPDC Group Nucleus population will have little 
effect on the responses achieved compared to a nucleus of the same size on a single farm. 
An additional result from the simulation study worth highlighting is that optimum responses over 
20 rounds of selection were achieved at 90%, not 100%, AT. This can be attributed to the greater 
number of boars used at 90% than at 100% Al. So that, although the selection intensities were 
originally lower at 90%, this lead over the period of selection to lower rates of inbreeding, less 
reduction in additive variance and hence greater responses. It could be interpreted not as purely 
an Al issue but a trade off between short and long term responses dependent on the number of 
boars used, be they Al or natural service. The practical application of a balance between short 
and long term gains must be made considering their relative effects on competitive position. 
Having demonstrated that the theoretical effect of subdivision on response is slight it is now 
important to describe where possible drawbacks lie. The small number of farms involved in the 
CPDC Group Nucleus made it practicable to carry out analyses within each farm as well as 
across the population. Substantial differences occurred in parameter estimates between farms 
and these were investigated. Possible differences in farm variances could have been genetic, 
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environmental or a combination. Two significant effects were observed. The first was 
heterogeneity of variances and procedures were used in order to reduce these differences in 
variance in order to remove the bias these effects have on parameter and trend estimation (Hill, 
1984). For example, Meuwissen and van der Werf (1993) have shown by simulation that 
substantial biases in breeding values are observed with heterogeneous herd variances. The second 
effect was a genotype by farm environment interaction, a change of ranking of genotypes in 
different environments (Falconer, 1952). The additional variance attributable to the sire by farm 
interaction accounted for a significant amount of the total variance of up to 4%. Webb and 
Curran (1986) reviewed possible reasons for genotype by environmental interactions, which 
include differential management practices and health status across farms. No one specific reason 
can be given to account for the differences in variances between farms leading to the general 
conclusion that., although a Group Nucleus structure is, in theory, a sound basis for improvement, 
care must be taken not to let intangible effects, in this case causing differences in environments, 
mount up to hinder selection. Moreover, care must be taken to ensure as much noise as possible 
is taken out of the system by statistical methods or uniform monitoring and measuring. As the 
response to selection is a specific criterion by which most systems are judged any shortfalls in it 
will be observed and judged. 
Realised parameters and responses 
The estimates of heritabilities for the Group Nucleus were lower than estimates in the literature 
for both the production (Gu et al 1989; Cameron et al, 1990; MacLaren et al, 1990; van 
Steenbergen et a!, 1990) and reproduction traits (Gu et a!, 1989; Southwood & Kennedy, 1990; 
Sorensen, 1990). Possible reasons for the low parameter estimates include high error variance 
and low additive genetic variance. Small additive variance can in part be due to either effective 
prior selection or through the accumulation of inbreeding. Large error variance contributing to 
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the low heritability estimates indicate a decrease in accuracy resulting from the increased number 
of measurements and moreover, variation not explicitly accounted for in the fixed effect structure. 
Using the genetic parameters calculated previously the rates of response for the CPDC Group 
Nucleus were estimated. In comparison to theoretical rates (Smith, 1984), the rates of responses 
for all traits examined were low. The reasons behind this may include the following: Firstly, 
there is a limit to the selection intensities that can be achieved; as many traits are included in the 
index, responses in any one trait may be poor, particularly for traits which have both a low 
heritability and economic weighting. Secondly, selection differentials are lowered by additional 
factors. There are undoubtedly reductions in selection differentials for reasons such as 
conformation (Webb et al, 1990), and the expansion of the nucleus over the time period limited 
selection pressures and involved a learning phase for the staff with the introduction of new 
technologies. It is suggested, therefore, progress has been hindered by the low heritabilities 
observed and the poor selection intensities applied, but it is worth noting that no negative trends 
were observed. It would be beneficial to analyse the data collected in later years as a comparison. 
The contrast between the theoretical and actual responses achieved highlight the difficulties in 
carrying out genetic improvement across farms. Although the depressed selection intensities are 
unlikely to be a consequence of population structure, the low heritabilities may be an effect of 
the large numbers of measurements across variable environments. A combination, therefore, of 
tighter control by using selection officers to take consistent measurements across farms and the 
application of genetic techniques to further reduce any differences should enable the heritability 
to increase and allow the nucleus to function at its potential. 
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Maintenance of genetic variation 
A theme throughout this thesis has been the robustness of response to changes in population 
structure, which is in marked contrast to the accumulation of inbreeding where changes in the 
population structure can lead to significant differences in inbreeding. The basis for selection is 
the prediction of genetic merit, however, an additional factor in the selection decision is to limit 
the accumulation of inbreeding. This may be achieved by restricting the number of relatives in 
the herd and at present is practised by the limitation of family representation. However, 
comparison of rates of inbreeding under BLUP for a range of heritabilities highlights a trend of 
increasing inbreeding with decreasing heritability and it was therefore proposed and 
demonstrated that selection using a heritability which is artificially raised would yield lower rates 
of inbreeding. The practical advantage of this method is that a single figure is available at end of 
test accounting for both inbreeding and response, and as such avoids allocating testing resources 
to families which have already filled their quota. 
Preselection Procedures 
A large overhead to a commercial breeder is the cost of testing places. The use of parental 
information to preselect animals for testing is an effective way of reducing test places and costs 
especially when the heritability is low. For example reducing testing places by as much as half 
lowers response by only 6% with selection for a trait of heritability of 10 0/  In the short term, 
however, testing resources are fixed and therefore the allocation of which, rather than how many, 
animals should fill these places was investigated. At present CPDC aims to test 60 % of animals 
off test in their dam lines and a simulation was used to investigate optimisation of family 
distribution on test. The chosen solution involved ranking and dividing the litters into three 
groups: from top ranking litters all animals were tested, 80% from the medium litters and none 
from the worst. In contrast little genetic advantage could be gained from altering the sex ratio 
tested away from 50:50. It is, however, commercially beneficial if more females than males are 
tested as the dam line also produces female stock for sale. It is worth noting that a model for a 
sex limited trait may be different and would be an area for further consideration. 
Concluding remarks 
In conclusion, specific techniques have been applied to account for some of the problems 
associated with the Group Nucleus as a multiple farm system, both theoretical, optiniising Al 
structure, and applied, accounting for differences across farm variances. The large size of the 
Group Nucleus warrants special attention in terms of the numbers of individuals on test and this 
was addressed. The rate of inbreeding, however, is increased if family contribution is not limited, 
and a method was suggested to effect this. There is much further work to he undertaken in terms 
of optimisation procedure, simulation and formulae development, but it is hoped that this study 
can be used to lay some of the ground work. 
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Table 6.1 Effect of proportion AT on the response averaged over five years (arbitrary units) and 
inbreeding at year five for a heritability of 10%; the population consisted of 2 herds with a 
variable proportion of the matings to a fixed number of 5 natural service boars and 10 Al boars. 
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